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ABSTRACT

Waste in urban areas is growing rapidly everywhere in the world. Effective methods to address
challenges of solid waste management are critical in achieving an environment that is clean and
healthy. The problem of waste growth in urban areas has been brought about by low collection
of waste, illegal and uncontrolled dumping sites and the absence of sewer lines. In Kenya for
instance the growth of economy has resulted in the development of cities and emergence of
towns leading to waste management challenges. Efforts have been directed towards addressing
the problem of waste management by various county governments. This study sought to address
solid waste disposal and management challenges in Nyamira Municipality. The methods which
are being employed to address this challenge was costly and had not yielded desirable results
as was evident with the scattered waste in the streets of Nyamira Municipality. Currently the
management does not carry out any waste recycling and has hired one landfill which is paid
for monthly. This Study formulated solid waste management tool that involved construction
of a fuzzy goal programming model with two objective functions. The model was solved
analytically by simplex method. The obtained results for first objective function of minimizing
the cost of solid waste management is ksh. 26,557,125 which gives a membership function
of 0.6 and the second objective function of maximizing revenue is ksh 9,500,000 that is 0.5
membership function. This findings has reduced the net system cost of solid waste management
in Nyamira Municipality by 36%. Numerical simulation and sensitivity analysis was carried
by varying the operation cost of recycling facility and on the capacity of recycling facility
parameters and then the graphs drawn using MATLAB software. The utility of the model
was tested using data from Nyamira municipality. The research advocates for waste recycling
as one of the ways of managing waste so as to earn revenue from these recycled waste. The
findings of this study is useful in formulating policies such setting up of waste management
projects and establishment of recycling industries. Furthermore the findings forms the basis for
future research in related fields.
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DEFINITION OF TERMS

Basic variables

Basic variables are non negative parameters contained in the optimal solution (Laurel and Gina

2015)

Constraints

Constraints are a group of inequalities and equalities that are a set of conditions to be satisfied

when computing an optimal solution (Laurel and Gina 2015) .

Linear program

Linear program is a method that is used to attain the optimal solution having maximizing or

minimizing equations whose constraints are linear (Laurel and Gina 2015) .

Mathematical programming model

Mathematical programming is mathematical model that is used to find solutions for problems

whose transformations are linear. This model applies the criteria of optimization (Mula et al

2010)

Membership function

Membership function is defined as a method of finding a solution to a problem by experience

instead of knowledge by mapping m : X → [0,1] (Perycz 1994).

Non-basic variables

Non-basic variables are zero parameters in condition of the best solution (Laurel and Gina

2015).

Objective function

Objective function is mathematical equation of decision variable that is to be optimized by

either maximizing or minimizing in the process of attaining the optimal solution (Rafiei et al

2013) .

Optimization

Optimization is a mathematical technique for finding a minimum or maximum functional value
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of many parameters subjected to a set of constraints (Laurel and Gina 2015) .

Optimal solution

An optimal solution is the value given to the parameters in the function to be maximized or

minimized to get best value (Laurel and Gina 2015).

Pivot variable

Pivot variable is a variable used operation in the rows in identifying the variable that the unit

value will become and is an important parameter in the unit value conversion (Laurel and Gina

2015).

Simplex method

Simplex method is an analytical method for finding solution for programming models that

are linear by use of pivot variables, tableaus and slack variables as a way of looking for the

optimization problem’s solution that is desired (Laurel and Gina 2015)

Simplex tableau

Simplex tableau is a table that is used to check optimality by performing row operations on the

linear programming model (Laurel and Gina 2015) .

Slack variables

Slack variables are parameters which are added to constraints to convert the constraints from

an inequality to equality in a linear program (Laurel and Gina 2015) . Standard form Standard

form is all the linear programs baseline format before finding solution that is optimal (Laurel

and Gina 2015).

Waste

Waste is unwanted materials or substance which is disposed off after primary use or is regarded

as worthless, defective and of no use (Amasuomo 2016).
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CHAPTER ONE

INTRODUCTION
1.1 Overview

This chapter highlights the background of the study, statement of the problem, objectives

of the study, significance, assumptions and the scope of the study.

1.2 Background of the study

1.2.1 Nyamira Municipality

Nyamira municipality is located in Nyamira county in the former Nyanza province

of Kenya. It is the largest town in Nyamira county as well as its headquarters, with

a population of 24483 persons (KNBS 2019 census). The municipality is located in

township ward, Nyamatuta Chache Location. The Municipality consists of Township and

Siamai Sub-locations. Other areas that contribute to Nyamira Municipal waste include

Bigege Sub-location with a population of 10,579 persons and Ikobe Sub-loacation with

a population of 7,882 persons (KNBS 2019). Nyamira Municipality and its periphery

generated a lot of solid waste which was being poorly managed. Solid waste generation

in municipality was from households, schools, markets and hospitals. The main waste

management was through collection and dumping in designated dumpsite.

In Nyamira municipality the rise in population growth and the development of the

town, escalation and establishment of more commercial and service activities had led to

production of a lot of solid waste in the municipality. As a result,this has led to problems

such as sewerage blockages and environmental pollution. To overcome these challenges

has strained the budget of the county government.
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1.2.2 Municipal Solid Waste (MSW)

Municipal Solid Waste is an unavoidable by-product of human activity that comprises all wastes

procreated within the territory of municipality. It may also be referred to as waste produced,

gathered, transported and discarded within the boundaries of the municipal.

According to Hoornweg et al. (2012) Municipal Solid Waste is described as waste gathered

and discarded by the authority of the municipal at the municipal dumpsites. This includes

wastes from residences, industries, institutions, commercial centers and construction and demo-

lition sites. In many cases municipal solid waste constitutes food remnants and garbage from

residences, street sweeping.

According to Zhou et al. (2014) Municipal solid wastes are categorized into ; food rem-

nants, plant, paper, textile and rubber. Food remnants in MSW is the food appropriate for

human consumption being discarded whether or not after it is kept beyond its expiry date or

left to spoil. It includes bones, peels from fruits, vegetables wastes, cone wastes and nutshells

from nuts among others. Plant waste is waste that is derived from plant source that remain to

decompose or be burned. This kind of waste in MSW include wood, bamboo, leaves, weeds

among others. Paper is any form of paper that becomes unusable and needs disposing. This

include newspapers, books, printing papers, cardboard so and toilet papers. Textile waste is

materials that are no longer usable or are considered worthless after end of production process

of any textile product. This include fibers, wool and cotton. Municipal solid waste from plastics

is different from other wastes in that it exists in varieties which are pure. They include poly

ethylene (PE), poly prophylene (PP) PS, PVC and poly ethylene terephthalate (PET). Rubber

waste is solid waste that consists of petroleum based products. Examples are belts and tires.
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1.2.3 Solid Waste Management (SWM)

Solid Waste Management is an expression that is used to refer to the task of gathering, treating

and dumping waste that is solid in nature. Solid Waste Management (SWM) is also described as

a set of systematic and consistent rules relating to the control of generating, keeping, collecting,

transporting, procession of waste and waste land-filling to the best principles of public health,

conservation of resources, aesthetics, economy, other requirements of the environment and

what the public requires.

Pattnaik and Reddy (2010) described Solid waste management as effective and efficient col-

lecting, transporting, and disposing of waste coming from residences, sweepings from streets,

wastes from construction sites, non- dangerous, industries and imports including secondhand

cloths popularly known as mitumba in Kenya. Solid waste management means a sequence

of activities covering all functional elements including; generation of waste, handling, sepa-

rating, storing, and processing at the generation point, collection, separating, processing and

transformation at treatment facilities and final disposal. There are various methods of solid

waste management including open burning, sea dumping, sanitary land filling, incineration,

composing among others.

1.2.4 Mathematical Modeling

Mathematical modeling is termed as the process of developing mathematical models. Modeling

in mathematics involves the conversion of real world problem such as solid waste management

into a problem that can be solved mathematically by use of equations and mathematical symbols.

Mathematical modeling can also be described as conversion activity problem which is real into

a mathematical form.

Galbraith & Clatworthy (1990) described Mathematical modeling as the mathematical ap-
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plication in the finding of the solution for problems which are not structured in real-life

situations. In modeling, approaches that are mathematical are used in solving challenges related

to problems in real-life situations. Cheng et al. (2001) argues that real-life problems that we

come across are converted into mathematical problems and solved using mathematical tech-

nique. According to Sarakikya et al.(2020) mathematical model consists of governing equation,

assumptions and constraints, initial as well as boundary conditions. Various classifications on

conditions can be used for mathematical models depending on their structure. It is significant

to derive equations so that their differences and similarities are pointed out and reflected on

for possible implications in their implementation to mathematical modeling. The methods

of Mathematical modeling produce a virtual reality which when applied, may populate with

everything that moves, irrespective of scale. Mathematical modeling allows the user to carry

out experiments that in the real life are difficult, expensive and dangerous or impossible to

measure.

1.2.5 Fuzzy Set

Definition

Fuzzy sets are sets with degree of membership for its elements. Fuzzy set is an ordered pair

(X,m) where X is a non empty set known as universe of discourse and m is a mapping m : X →

[0,1] ( Zadeh 1965, )

For each x ∈ X the value of m(x) the degree of membership of x(X ,m)

where

m = µA(x) is a membership function of the fuzzy set A defined by

µA(x) =
{

1 if x ∈ A
0 if x /∈ A (1.1)

4



Therefore

µA(x) ∈ [0,1] (1.2)

For all x ∈ X , then

i) x is not inclusive in the fuzzy set A if m(x) = 0

ii) x is partially inclusive in the fuzzy set A if 0 < m(x)< 1

iii) x is fully inclusive in the fuzzy set A if m(x) = 1

1.2.6 Triangular membership function

There are various membership functions including triangular, trapezoidal, piecewise e.t.c.

The triangular membership function is distinguished by three variables a,b,c where a, b and

c represent the coordinates of X for the three vertices in a fuzzy set A of µA(x) (a is the

lowest limit and c is upper limit where membership degree is zero and b is the centre where

membership degree is 1). Therefore

µA(x) =


0 if x ≤ a

x−a
b−a if a ≤ x ≤ b
c−x
c−b if b ≤ x ≤ c
0 if c ≤ x

 (1.3)

1.2.7 Goal Programming

Watada J et al (2022) Goal Programming is a branch of multi-objective optimization. It involves

multi-criteria decision analysis (MCDA). It is generalization of linear programming in the

sense that it can handle multiple variables that are conflicting in nature. It can be used to

solve the conflicting aspiration levels in terms of minimizing cost and maximizing profit. The

deviations in the target of achievement defined in terms of minimizing cost and maximizing

profit are calculated. The deviation from the set targets of achievement are then minimized

to the satisfaction of the decision maker(s). Goal programming was used first by Cooper,

5



Charnes and Ferguson in 1955. The following three types of analysis are performed using goal

programming

i) Determine the amount of resources needed to achieve a set of objectives that are desired.

ii) Determine the attainment degree of the set objectives using the resources available.

iii)Provision of the best solution under different circumstances such as shifting priorities of the

goals and changing amount of resources.

The goal programming formulations orders the deviations into various levels of priority, with

the minimizing of the deviation in higher levels of priority being much more important than any

other deviations in lower levels of priority. Formulating the GP models involves the following

steps.

i) Defining the decision variables.

ii) Stating the constraints.

iii)Determining the preemptive priorities.

iv) Determining the relative weights.

v) Stating the objective function.

The overall objective of GP is the minimizing of deviations that arises among the levels of

attainment of goals and their levels of aspiration. Charnes and Cooper (1977) the GP is

expressed as follows

k

∑
i=1

| Fi(x)−gi| (1.4)

Subject to the following

X = {x ∈ Rn}

Here Fi(x) is the linear functional achievement of the ith goal and gi is the level of aspiration

of ith goal.

6



Therefore

Fi(x)−gi = d+
i −d−

i for d+
i ,d−

i ≥ 0 (1.5)

Therefore, the GP be formulated as follows:

k

∑
i=1

|Fi(x)−gi|=
k

∑
i=1

∣∣ d+i −d−i
∣∣ (1.6)

Subject to the following conditions

Fi(x)−d+
i +d−

i −gi = 0ii = 1,2, . . .k

X = {x ∈ Rn}
(1.7)

1.2.8 Fuzzy Goal Programming

Fuzzy goal programming is an extension of convectional goal programming for solving prob-

lems which have more than one objective functions with unclear defined model parameters

in the environment for making decision. In this extension of convectional goal programming,

the aspiration levels of every objective function is taken as a unity concerning attainment of

the highest degree (unity) of goals of the problem which are naturally fuzzy. The element is

said to be approaching full membership in A if it is close to 1 which is its highest degree of

attainment.A fuzzy set A could be assigned by a membership occasionally symbolized by µ

that maps every domain object of its membership grade in A (Zadeh 1965, Lotfi 2014).

Belmokaddem et al (2009), various types of membership functions exist that are used to

promote the fuzzy analytical framework whose description of fuzzy is conjectural and the val-

ues of membership are subjective. This membership functions (MF) which are used in different

analysis includes types such as exponential, linear, piecewise linear function and hyperbolic

function. Generally, the linear membership which are neither increasing nor decreasing are

mostly applied in the inequalities which are less than / equal to and greater than / equal to

respectively to relationship.
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According to Zimmerman (1978), the procedure for solving fuzzy goal programming involves

satisfying the fuzzy objectives and the decision in the fuzzy situation is therefore defined at the

junction of fuzzy objectives corresponding to those membership functions, Zimmerman (1985).

The decision that is optimal can be any option in such decision marking environment that

can be optimized by maximizing the minimum whose representation is by the corresponding

membership functions. Simultaneous solution of complex objective system is allowed in this

approach and establishment among various objectives is required for problem’s solution. The

main concept for linear goal programming is to turn into specific numeric goal from original

multiple objectives for every objective. Usually Goal Programming models contains three

components, these are; non negativity requirements, objective functions and goal constraint

sets.

1.3 Statement of the Problem

As one walks around Nyamira Municipality scattered solid wastes is seen in the streets as

shown in figure 6.1. This can be as a result of poor management. These wastes require large

size of land which is not available in the municipality since it even rely on private owned

landfill of which it is charged monthly which has further increased the cost of solid waste

management. The available dumpsite is almost full as shown in figures 6.2 and 6.3. This calls

for a mechanism to reduce the amount of waste ending up at the landfill using a method that

is cost effective and does not pollute the environment. One of these ways of reducing waste

is by recycling which in return will generate revenue. As a result a fuzzy goal programming

mathematical model was found to be effective in addressing this challenge of Solid waste

management in Nyamira Municipality.
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1.4 Objectives of the Study

1.4.1 General Objectives

To develop an optimizing cost and revenue for solid waste management in Nyamira Municipality

using fuzzy goal programming mathematical model.

1.4.2 Specific Objectives

i) To formulate FGP solid waste management model.

ii) To determine optimum solution from FGP solid waste management model the model.

iii) To perform numerical simulation.

iv) To carry out sensitivity analysis on the FGP solid waste management model.

1.5 Significance of the Study

The findings of this study can be employed in developing and setting up of waste management

projects other than recycling facilities by the authority of the municipality. These projects may

include energy production from waste, incineration among others which will go a long way in

reducing waste reaching landfill.

The model promotes recycling of the waste, this can help in establishment of some industries

such as shoe making from waste tires, bottle water manufacturing due to reuse of plastic bottles,

tissue manufacturing from waste papers, fertilizer manufacturing among others. The products

from these industries will generate income to people and revenue to the government. The

projects will create employment both direct e.g. scavengers as well as indirect such those who

will be employed to work in established industries.
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1.6 Justification of the Study

Every human deserves to stay in a clean and healthy environment. Therefore, every county

government needs to transit from uncontrolled dumpsites, illegal dumping and low waste

collection rates to cheap waste collection cost and recycling in the best way possible in

Nyamira Municipality. The best way is the one that is traceable, measurable and able to predict

scientifically the trend. Therefore, fuzzy goal programming is a scientific approach which

when employed in management of solid waste can yield desirable results such as solid waste

management reduced cost and also able to generate employment and income through recycling.

1.7 Scope of the Study and Limitation

Within the model, the study was confined to the concept of cost and profit from recycling.

Focus was on proper and efficient process of solid waste management based on the argument

that transport cost and operating cost are among the factors to measure the performance and

therefore efforts concentrating on enhancing good designs are likely to result in a notable

attainment of solid waste management. The study was conducted in Nyamira municipal and

the required information was obtained from environmental department.

1.8 Assumptions

1. The sorting was done at the collection centre to separate the waste to be disposed of and

those to be recycled.

2. The capacities such as; landfill facility capacity, recycling facility capacity and collection

facility capacity were limited.

3. All waste generated must be removed from the collection center

4. ) The decision maker determines the prices of the recycled waste
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CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction

In this chapter review of the existing literature will be undertaken highlighting the

contributions of various scholars in this area of study. Conceptual framework of the

model to be formulated will be discussed and the knowledge gap that is required to be

filled will be identified.

2.2 Review of Related Literature

Shaban et al. (2022) formulated a mixed integer linear programming (MILP) model for

solid waste management that integrated generation of waste, collection of waste, transfer

of waste, recycling projects, incinerators and landfills. The model aimed at determining

the locations and optimal number of different facilities and the flows of wastes in that

the daily cost in the system is minimized. A case study of the model was implemented

in Fayoum, Egypt. The obtained data was solved numerically by LINGO computer

software. The results indicated that the optimal design for management system of solid

waste in Fayoum Governorate can yield the optimal solution by installing four centers of

collecting waste, one facility for recycling and one landfill strategically located. This

showed a linear reduction in the net daily cost as there was increase in the recycling

plant.

Govindan, et al. (2021) presented a model of a bi-objective mixed integer linear program-

ming (MILP) for management of medical waste during outbreak of COVID 19 for taking

care of both non-infectious waste and infectious waste in unpredictable environment.

The objectives of the model simultaneously were minimizing of the overall cost and

population exposure risk to pollution. As a result a FGP model was designed to get the

solution of the created model. The data used in the study was obtained from Tehran
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Municipality Iran. The factors such as separating non-infectious waste from infectious

waste were considered during the stages of collection of waste by vehicles, reducing

the waiting time for the vehicles entering waste production centers as well as failure for

the vehicle to carry infectious waste. The obtained results were useful to managers and

decision makers for instance the results indicated that those vehicles whose possibility of

failure is low to be allocated to collect hazardous waste and those with higher probability

to be assigned to collect non-hazardous wastes.

Mehdi et al.(2021) developed a bi-objective optimization model which aimed at minimiz-

ing the cost of the location of facility, transportation organization and the emissions of

pollutants of the environment. The uncertainty nature of the problem and the quantity of

the generation of waste as a random parameter were considered. A stochastic mathemati-

cal programming model with probable constraints was created as a result. The results

revealed that by increasing the capacity levels would lead to decrease in the Cost of

the location of facility, transportation, organization and the emissions of environmental

pollutants.

Onchong’a et al. (2019) conducted a study on the effect of participation of the stake-

holders in the management of solid waste’s implementation projects in the county of

Nyamira, Kenya. A multiple regression analysis was adopted to establish the independent

parameters and dependent parameters’ relationship. It was discovered that an impres-

sive relationship between participation of stakeholders and management of solid waste

projects Implementation in Nyamira County existed. The results showed that involve-

ment of stakeholder was significant. From the basis of the outcome, it was proposed that

the county required to continue allowing stakeholders to be involved in the solid waste

management implementationcts. The identified stakeholders should be involved from

early phases of SWM projects. This is to ensure that their interests and concerns are

captured, addressed and incorporated in SWM implementation projects. The involvement
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of stakeholders was also found to be relevant since it offered assistance in monitoring

and evaluating during the implementation of these projects of solid waste management.

Chinchodker, et al. (2017) developed a linear programming model for management

of solid waste on ground for waste dumping at Mumbai for reducing the existing cost.

The model developed aimed at decreasing the waste transportation cost. The model

was presented to satisfy the supply and demand restrictions as it minimizes the total

transportation cost using linear programming. The results realized much reduction in the

cost of waste transportation than existing one.

Kalu, et al. (2017) worked on a mathematical model for the system of SWM in Nigeria,

Aba Metropolis municipality of Abia state. In the study it was observed that the minimum

cost of waste management decrease with increase in capacities of the collection centers.

The research indicated that by designing the centers of waste collection with maximum

capacities minimizes the cost, provided that other factors are held constant.

Soltani et al. (2015) explored multi-criteria decision making for management of solid

waste in the municipal involving numerous stakeholders. The study considered MSWM

as a process that is complex comprises economic, social and environmental criterion. Be-

sides it provides a process of marking decision in management of solid waste challenges

in the municipality such as finding appropriate disposal sites for solid waste and coming

up with strategies that will involve as many stakeholders as possible including municipal-

ities, national government, experts, industries and even the public. The research provided

the results that showed that analytical hierarchy process is the most effective approach

that involves various stakeholders in management of solid waste in municipalities.

Yu et al. (2015) developed a linear and dynamic bi-targeted programming mathematical

model for optimizing the long term performance for management of solid waste in the
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municipal. The model proposed deals simultaneously with productivity of economic

calculation and pollution of the environment within various time periods for municipal

SWM. The study carried out the optimal changing across the horizon entirely which

indicated the accuracy of the model developed. The established mathematical model was

solved by LINGO Software and the provided solution was found to be effective in long

term planning operation for the system of solid waste in the municipal.

Arena and Di Gregorio (2014) investigated the management planning of municipal

solid waste basing on analysis of the movement of the waste. The outcome from the

management systems of solid waste in the municipal was described in the study and

it was discovered that when combining the materials and substances movement anal-

ysis together with environmental methods of assessment is a tool-box that is effective

for comparison between the scenario and management of solid waste. In the paper a

mathematical model for optimizing the current system of management of solid waste

in Tehran and identification of the proper number of facilities for waste transfer and

waste processing was developed. The model proposal provides an alternatives way of

improving SWM system by reducing the number of the transfer stations and as well as

the number of units for waste processing.

Khaiwal et al. (2014) concentrated on analysis of the municipal system of manag-

ing solid waste as well as waste minimization methods in India Chandigarh Municipal.

This city is located in the Northern parts of India. The relevant information in Chandigarh

for the Solid Waste Management methods was scrutinized for conductance of the men-

tioned research. The important information was received from stakeholders some by use

of interviews and also from already stored information relating to transportation of waste

and disposal of waste in the registry. It was affirmed that recycling system for manage-

ment of solid waste in the city was poor. It therefore required environmentally-friendly

system for managing solid waste, a good process for decision-making and changing
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activities of operation. The study proposed that a new framework must be framed on a

well-integrated designed system of management of solid waste with cost effectiveness,

high rates of recovery and other environmental impacts.

Lohri et al. (2014) analyzed the sustainability of finance in Management of solid waste

in the Municipal for system costs and revenues in Ethiopia the city of Bahir Dar. The

research examined the data by analyzing the cost-income based from July the year 2009

up to 2011 in June. From analysis it was noted that the system total costs of management

of solid waste in Bahir Dar had dramatically increased within the considered period due

to increasing costs relating to the transportation of waste such as the cost of collecting

waste from the residential, companies, commercial centers and institutions such as stadi-

ums, schools, hospitals, among others. The results obtained from the research indicated

that the existence of the correct analysis structure of costs and revenue from system of

the Solid Waste Management increased productivity and income in relation to the cost.

The results obtained also showed that the cooperation between the private sector and

municipality is a sufficient solution for improving the sustainability of the finances of the

system of Solid Waste Management.

Sie et al. (2013) conducted a study on the network processing optimality for the manag-

ing Solid waste in Malaysia, Iskandar Municipal. A mathematical programming model

integrating four cardinal consuming technologies was formulated to enhance the network

optimal processing. The developed model provided the combination of the technologies

which was the best for disposal and recovery of the solid waste procedures. Furthermore,

it was also indicated that the model could be used to project the capacity of the waste

facilities and projection of greenhouse gases (GHG) coming from system and provision

of solution that is cost effective and as well as optimal for solid waste management

in municipality. The research developed a mixed integer linear programming (MILP)

mathematical model of profit for municipal SWM system. Basing on the obtained results
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the best combing technologies for the utilization of solid waste based on allocation of

solid waste to value added products was indicated to be recycling (48.44 %), landfill

LFG capturing (43.19 %), incinerating (8.34 %) and composting (0.03 %).

Srivastava and Nema (2011) developed a mathematical fuzzy parametric programming

mathematical model for identification of treatment facilities and facilities for disposal

for management of solid waste capacities, planning and waste flow allocation under

uncertainty. Deterministic waste allocation scheme was generated by the formulated

model but with no basic provision for support of generating many decision options,

desired treatment, facilities for disposal, SWM planning capacities and waste allocation

movement in uncertain environment. The model proposed generated waste allocation

deterministic schemes without proving bases for the support of generation of many

decision options corresponding to the conditions of uncertain system.

Li, et al(2008) explored the uncertainties related to solid waste management opera-

tional cost and transportation cost. The study formulated an inexact stochastic quadratic

programming model that was expressed in possibility distributions terms and discrete

intervals.

Nie et al(2007) did a research on management solid waste planning by considering uncer-

tainty of the problem. As a result, hybrid interval parameter fuzzy robust programming

model was developed. The mathematical model was incorporated in the interval parame-

ter optimization framework. Nevertheless, the approach produced interval solutions that

did not reflect uncertainty expressed in fuzzy sets.

2.3 Conceptual Framework

Solid waste management system involves the source, sorting, waste recycling, market for

waste recycled and disposal. The solid waste producer incurs the cost of transporting
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waste to the collecting centre. Sorting is done at the sources, after sorting waste to be

recycled was taken to recycling facility where transportation and operating costs were

incurred and revenue was generated from the sales of recycled waste. The residue at the

recycling facility joins the system as part of municipal solid waste therefore the recycling

facility does not incur any extra cost of transporting the waste to the landfill. This reduces

the nodes considered in the model to three. These are source/ collecting center, landfill

and recycling facility/market for recycled waste. The conceptual framework is illustrated

in Figure 2.1.

Figure 2.1 Conceptual framework of the model showing components of SWM system

2.4 Identification of Knowledge Gap

The reviewed literature on the solid waste management has not addressed fully the

area under the study. For instance Shaban et al. (2022), used mixed integer linear

programming model in Fayoum, Egypt. Govindan et al. (2021), presented a bi-objective

mixed integer linear programming model of Tehran Municipality, Iran while Mehdi et
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al. (2021) developed bi-objective stochastic mathematical programming model of solid

waste all these among others non is talking about Nyamira Municipality. On the other

hand Onchong’a et al. (2019) studied waste management in Nyamira County by adopting

multiple regression analysis of stakeholders’ involvement. He as well did not capture the

aspect of cost and recyclingalso his scope was entire Nyamira county. This study sought

to employ scientific approach by developing fuzzy goal programming model focusing on

minimizing the cost of waste management and optimizing the profit from recycling.
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CHAPTER THREE

METHODOLOGY
3.1 Introduction

In this section a Fuzzy Goal Programming model was formulated. Discussion on how

the model was solved analytically using simplex method was demonstrated. The data

from Nyamira municipal was used to test the model

3.2 Formulation of the Model

The following variables were used to formulate the fuzzy model.

Indices

The model was formulated by the following indices

i represents source of waste; i = 1,2. . .n

j represents disposal and recycling facilities; j = 1,2.

Here j = 1 indicates landfill and j=2 represents recycling facilities.

parameters

WTCi j represents the cost of waste transportation from the source i to the facility j.

OC2 represents the cost of operation of at the recycling facility.

LC represents landfill capacity.

RE2 represents revenue being generated from recycling facility

RC represents the capacity of recycling facility

Wi j represents waste disposal demand

The decision variables

are Xi j Quantity of waste from source i to facility j. Using the notations defined

above the mathematical model for multi-objective solid waste management (MOSWM)

in case of deterministic parameter is formulated as;
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Minimize Z1 =
n

∑
i=1

WTCi1Xi j +
n

∑
i=1

WTCi2Xi j +
n

∑
i=1

OC2Xi j (3.1)

The objective function for minimizing waste management cost. This include transporta-

tion cost from collecting center to the landfill and recycling facility and operation cost at

the recycling facility.

Maximize Z2 =
n

∑
i=1

RE2Xi j (3.2)

The objective function for the maximizing revenue from recycling facility. Subject to the

following constraints

i) Waste Disposal Demand Constraint

The waste disposal demand constraint is

given by

n

∑
i=1

2

∑
j=1

Xi j ≥Wi ji = 1,2 . . .n,(j = 1,2) (3.3)

This constraint ensures that all the waste generated is removed to ensure clean environ-

ment

ii) Landfill Capacity Constraint

The landfill capacity constraint is given by

n

∑
i=1

X1i ≤ LC (3.4)

The landfill capacity constraints ensures that the waste being taken to the landfill should

not exceed the capacity of the landfill.

iii) Recycling Facility Capacity Constraints

The Recycling facility capacity constraint is given;
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n

∑
i=1

Xi j ≤ RC (3.5)

The Recycling facility capacity constraints ensures that the waste being taken for recy-

cling should not exceed the capacity of the recycling facility.

In the formulation multi-objective solid waste management (MOSWM) model the pa-

rameters are assumed to take deterministic values. But in most of the practical situations

these may take imprecise values due to the reasons listed below;

i) The capacity of landfill may vary especially when the model is developed over long

period of time.

ii) The generation of waste in Nyamira Municipality is uncertain to the Decision maker.

iii) The price of recycled item may depend on the Decision maker.

Such vagueness in the information is critical which cannot be captured in deterministic

problem. Thus the optimal results obtained from deterministic formulations may not

sufficiently serve the actual purpose of modeling the problem. Because of this the study

considers the model with imprecise information.

In light of the above discussion regarding the possible the MOSWM model, the fuzzy

formulation of the problem is done by replacing all deterministic parameters WTCi j,OC2

and RE2 with fuzzy parameters W̃TCı, ÕC2 and R̃E2 respectively and is therefore ex-

pressed as

Minimize Z̃1 ∼=
n

∑
i=1

W̃TCl1Xi j +
n

∑
i=1

W̃TCı2Xi j +
n

∑
i=1

Õ C2Xi j (3.6)

Maximize Z̃2 ∼=
n

∑
i=1

R̃E2Xi j (3.7)
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Subject to the following constraints

n

∑
i=1

2

∑
j=1

Xi j ≿Wi j (3.8)

n

∑
i=1

X1i ≲ L̃C (3.9)

n

∑
i=1

Xi j ≲ R̃C (3.10)

and

Xi j ≿ 0 (3.11)

3.3 Fuzzy Goal Programming Model for Multi-objective Solid Waste Management

Considering the parameters provided in section (3.1), the decision makers may have

fuzzy goals for each of the objectives. To obtain the aspiration level to the fuzzy goals

each objective is solved individually for the modified set of system constraints defined in

the MOSWM model.

Using Zimmermann’s (1978) approach, a fuzzy goal MSWM model is expressed as

follows:

Minimize Z̃1 ∼=
n

∑
i=1

W̃TCi1Xi j +
n

∑
i=1

W̃TCi2Xi j +
n

∑
i=1

ÕC2Xi j ≾ g1 (3.12)

Maximize Z̃2 ∼=
n

∑
i=1

R̃E2Xi j ≿ g2 (3.13)
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Subject to the following constraints

n

∑
i=1

2

∑
j=1

Xi j ≿Wi j (3.14)

n

∑
i=1

X1i ≲ L̃C (3.15)

n

∑
i=1

Xi j ≲ R̃C (3.16)

and equation 3.11

where g1 and g2 represents aspiration levels for the first goal and second goal respec-

tively. It also means that the Decision Maker (DM) may be satisfied even if it is greater

than in case of the first goal and less than for second goal up to a certain tolerance limit.

Considering that the generation of waste can be uncertain, so are landfill and recy-

cling facility capacities as well as budget allocation hence they are said to be fuzzy. The

model is modified by substituting Wi j,LC and RC j with d, l and r respectively as follows;

Minimize Z̃1 ∼=
n

∑
i=1

W̃TCi1Xi j +
n

∑
i=1

W̃TCi2Xi j +
n

∑
i=1

ÕC2Xi j ≾ g1 (3.17)

Maximize Z̃2 ∼=
n

∑
i=1

R̃E2Xi j ≿ g2 (3.18)

Subject to following constraints

n

∑
i=1

m

∑
j=1

Xi j ≿ d (3.19)
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n

∑
i=1

Xi j ≲ l̃ (3.20)

n

∑
i=1

Xi j ≲ r̃ (3.21)

and equation 3.11

3.4 Defuzzification

There is need to defuzzify the constraints to have corresponding crisp values. The study

applies centroid defuzzification method also called centre of area (COA) which is most

prevalent defuzzification method (Ross, 2004) whose underlying principle is

x× =
µ(x)xdx
µ(x)dx

(3.22)

where x× is the defuzzified value, x = (a,b,c) indicates the element in x×, and µ(x) is

its associated membership function

Buyukozkan (2012) translated equation (3.22) while defuzzifying a triangular fuzzy

number (TFN) by taking the α-cut Set C̃α , as follows

x× =
1
2

∫ 1

0

(
infC̃α + supC̃α

)
dα (3.23)

with α-cut set

C̃α = [a+(b−a)α,c− (c−b)α (3.24)

Equation (3.24) is further transformed as

x× =
1
2

∫ 1

0
[a+(b−a)α + c− (c−b)α]dα (3.25)
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=
a+ c

2
+

1
2

∫ 1

0
(2b−a− c)αdα (3.26)

=
a+2b+ c

4
(3.27)

Let d, l and r be triangular fuzzy numbers defined by

d =
(
d1,d2,d3) , l = (

l1, l2, l3) and r =
(
r1,r2,r3) (3.28)

with their membership functions as ud,ul and ur respectively.

Using the centroid defuzzification method, we obtain their corresponding defuzified

values as

dc =
d1 +2d2 +d3

4
(3.29)

lc =
l1 +2l2 + l3

4
(3.30)

rc =
r1 +2r2 + r3

4
(3.31)

The triangular MF is given by

ud (dc) =


d−d1

d−d2 i f d1 ≲ dc ≲ d2

d3−d
d3−d2 if d3 ≲ dc ≲ d3

0 otherwise

(3.32)

ul (lc) =



l − l1

l − t2 if l1 ≲ lc ≲ l2

l3 − l
l3 − l2 if l3 ≲ lc ≲ l3

0 otherwise

(3.33)
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ur (rc) =


r−r1

r−r2 i f r1 ≲ rc ≾ r2

r3−r
r3−r2 i f r3 ≲ rc ≾ r3

0 otherwise

(3.34)

After obtaining the difuzzified values dc, lc and rc ∀ i j the model (3.17) -(3.18) is

subjected to the following constraints

n

∑
i=1

2

∑
j=1

Xi j = dc, (3.35)

n

∑
i=1

Xi j ≤ lc, j = 1 (3.36)

n

∑
i=1

Xi j ≤ rc, j = 2 (3.37)

and equation (3.11).

In GP, since the goals in most cases are conflicting the decision maker may not

be able to achieve their aspirations and therefore deviations may occur such as ’under-

achievement’ and ’overachievement’. Taking d−
i to represent under deviation and d+

i

to represent over deviation, the model (3.17) - (3.18) is expressed as

Minimize Z̃1 ∼=
n

∑
i=1

W̃TCi1Xi j +
n

∑
i=1

WTCi2Xi j +
n

∑
i=1

ÕC2Xi j +d−
1 −d+

1 = g1 (3.38)

Maximize Z̃2 ∼=
n

∑
i=1

R̃E2Xi j +d−
2 −d+

2 = g2 (3.39)

Subject the system of constraints from equations (3.35 upto 3.37 and 3.11)
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The objective of a GP is to minimize unwanted deviations from objective functions. In

this case for the first objective function the decision maker may not wish to overspend

and therefore the need to minimize d+
1 and in the second objective function the revenue

should not be below the wish of decision maker therefore the need to minimize d−
2 .

The objective coefficients W̃TCi1,W̃TCi2, R̃E2 and ÕC2 are taken as fuzzy numbers

implying that the objectives Z1 and Z2 must also be fuzzy numbers. Therefore, all fuzzy

numbers are triangular fuzzy numbers of the form a =
(
aL,a,aU), where the superscripts

L and U represents lower tolerance and upper tolerance respectively.

Let Z1 ∼=
[
ZL

1 ,Z
U
1
]

and Z2 ∼=
[
ZL

2 ,Z
U
2
]
. To minimize the objective function the lower

tolerance corresponds to the aspiration level g1 while the upper tolerance corresponds

the aspiration level g2 for maximization of the objective function. Therefore, the model

is reformulated as

Optimize

F = d+
1 +d−

2 (3.40)

Subject to

n

∑
i=1

W̃TCi1Xi j +
n

∑
i=1

W̃TCi2Xi j +
n

∑
i=1

ÕC2Xi j +d−
1 −d+

1 = g1 (3.41)

n

∑
i=1

R̃E2Xi2 +d−
2 −d+

2 = g2 (3.42)

and other system of constraints from (3.35)to (3.37) and (3.11)

3.5 Construction of Membership Function for FGP

Fuzzy goals are quantified by eliciting the corresponding membership functions on the

basis of the achieved values. Thus the linear membership function of each of the objective

function is written as
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µZ1 ∼=


0 i f Z1 ≿ ZU

1
ZU

1 −Z1

ZU
1 −g1

i f g1 ≾ Z1 ≾ ZU
1

1 i f Z1 ≾ g1

(3.43)

where ZU
1 is the upper tolerance limit for the first goal and ZU

1 −g1 is the tolerance which

is arbitrarily chosen. Also

µZ2 ∼=


0 if Z2 ZL

2
Z2 −ZL

2
g2−ZL

2
if ZL

2 ≾ Z2 ≾ g2

1 if Z2 ≿ g2

(3.44)

where ZL
2 is the lower tolerance limit for the second goal and g2 −ZL

2 is the tolerance

which is also arbitrarily chosen.

In fuzzy programming approaches, the highest possible value of membership function is

1 while the lowest is 0

3.6 Solution by Using Simplex Method

The formulated model represented by equations (3.40)-(3.42) and constraints (3.35)-

(3.37) and (3.11) was solved by analytical approach using simplex method. The simplex

method is an analytical method for finding solution for programming models that are

linear by use of pivot variables, tableaus and slack variables as a way of looking for

the optimization problem’s solution that is desired. The following steps are followed in

finding the solution

i) Check that xi ≥ 0,∀i = 1,2 . . .n if not then we replace xi by −yi in the given problem

so that yi ≥ 0

ii) Check if the given problem is maximization. If the problem given is minimization,

then we multiply it by -1 in the objective function to convert it to maximization.

iii) We check that ei,bi, li,r j ≥ 0,. If not then we multiply the corresponding constraints

by -1 so that ei,bi, li,r j ≥ 0.
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iv) Convert all the inequalities of the constraints into equations by introducing fuzzy

slack variables.

v) The fuzzy variables x1,x2 . . .xn constituting identity submatrix given the basis xi =

(x1,x2 . . .xn) is the coefficient matrix. The values of x1,x2 . . .xn can be obtained by

putting the values of the remaining ( N−m ) fuzzy non-basic variables equal to zero. Let

ci j where i = 1,2 . . .n, j = 1,2 . . .m be coefficients of x11,x22 . . .xnm respectively in the

objective functions.

vi) Construct fuzzy simplex tableau as follows.

Table 3.1
Simplex algorithm

× x1 x2 · · · xn
x1 x11 x12 · · · x1n
x2 x21 x22 · · · x2n
·
.

xm xm2 xmn
D = ∑

n
i=1 ckxi xm1 D2 =C2 · · · DN =CN

vii) Perform iterations

3.7 Case Study

Nyamira municipality generates about 40 tons of solid waste per day. Out of this figure

(40 tons), about only 30 tons per day was being collected (environmental department)

leaving about 10 tons of waste uncollected every day. This is why a heaping amount of

waste is seen in the streets of the municipality as shown by Figure 6.1

Recovery processes in the municipality mainly include plastic, metallic and rubber

waste recycling centers. Further, recyclable waste are mostly locally collected by scav-

engers (chokoras) and then taken to vendors then to recycling/reuse centers.
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Currently there is no landfill facility owned by the municipality. The municipality

dumps its waste at a privately owned dumpsite for which it pays a fee of ksh. 18,000 per

month. The municipality owns a tipper truck and a tractor of capacity 8 tons and 7 tons’

respectively. The vehicles collect waste at designated points every weekday. The munici-

pality has contracted casual workers who operates on the vehicles. The tipper truck has 12

casual workers while the tractor has 8 casual workers and 10 casual workers whose role

is to manage the landfill. Each casual is paid ksh 800 per day worked for 5 days in a week.

In the last financial year the municipality had the following expenditure as shown

in table 3.2

Table 3.2
Nyamira Municipality Waste Management Expenditure

No. Item Cost Breakdown Total (Ksh)
1 Vehicle Maintenance i) Tipper truck - @150,000 per month ×12

ii) Tractor - @100,000 per month ×12
3,000,000

2 Salaries i) Casuals - @800 ×30
casuals ×20 days ×12 months = 5,756,000
ii) Drivers - @25,000 ×4 drivers ×12
months = 1,200,000
iii) Supervisors - @30,000 ×6
supervisors ×12 months = 2,160,000
iv) Other employees in the department
- for 450,000 ×12 months = 5,400,000

14,520,000

3 Road Maintenance @5,000,000 per year 5,000,000
4 Fuel Tipper and tractor fuel @210 × 33.3 liters

per day ×20 days ×12 months = 3,027,310
Supervisors’ vehicles 316,000

3,027,310

5 Overall @3500 ×36 126,000
6 Gumboots @2000 ×36 72,000
7 Gloves @1000 ×36 36,000
8 Spades @1500 ×10 15,000
9 Wheelbarrows @15,000 ×10 150,000

10 Dustbins @6000 ×70 420,000
Total 26,682,310

Currently, there is no recycling facility owned by the municipality. Recycling is

being done on a small scale in privately owned facilities. These recycling facilities get
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the waste from collecting centres and others from the dumpsite. Plastic waste was found

to be the most recycled solid waste.

3.8 Proposed Fuzzy Goal Programming Mathematical Model

The proposed Fuzzy Goal Programming (FGP) model is a Mathematical Model that

optimizes the objectives of minimizing the total cost of SWM, which includes the cost of

transporting different types of waste and maximizing revenue collected from recycled

waste. The nodes of the transportation network consist of collection, recycling and final

disposal node. The proposed (FGP) mathematical model was formulated to determine the

establishment of recycling centers at a minimum cost. The study realized that measuring

transportation costs per ton is the most preferred in most towns of developing countries.

With the current situation in Nyamira municipality where the use of technology to

measure waste as it is transported from the waste sources is not available, this study

estimated transportation costs in terms of costs per ton of a vehicle from waste collection

center i to the facilities.

3.9 Description of the Conceptual Framework of the Proposed Model for the
MSWM System

The main focus of the model is to plan the MSW management by defining the refuse

flows that have to be sent to recycling centers or to the final disposal sites, from waste

sources (residences, markets, schools, restaurants, institutions, hotels etc.). All sorts

of wastes produced daily will be moved to collection center i at the expense of genera-

tors and some fractions of recyclable/reusable waste are bought/collected and directly

taken to vendors/recycling/reuse centers by scavengers. Collection centers are the offi-

cially known/adapted points where wastes of a different kind from nearby places (waste

sources) are dumped, after which they will be loaded/moved to recycling centers other

than to the final disposal site (j=1). Recycling/reusing waste material center is the

point where recycling recyclable waste materials such as plastics, rubber and metals

are technically feasible. The advantages of recycling waste materials are reducing the
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amount of waste that reaches the final disposal site. It reduces some of the materials’

production costs (e.g., aluminum) and the environmental damage. The final disposal site

is the final destination where the waste residue reaches either directly or after passing

through different processes. It utilizes a land area to collect the waste with or without

separation. Its advantage is that all waste (except hazardous materials) can be dumped

without separation.

In this study there are five waste source locations, one landfill location and one re-

cycling facility location with different sections for recycling different wastes that is for

papers, plastics and metals. The names for waste sources recycling plants and landfill

locations were taken from subdivisions of the municipality. It is important to note that

the cost of waste transportation parameter data has been carefully chosen as close to the

reality as possible in the municipal. The model assumes that all the waste taken to the

recycling facility is recycled and the buyers for the recycled waste come for them at the

facility therefore the management does not incur any more cost.

3.10 Data used to test the Mode

Table 3.3 gives locations for sources of waste, recycling plants and landfill. Table 3.4

gives waste sources locations as well as the amount of waste in tones at these sources.

Table 3.5 shows distances of waste sources to the landfill. Table 3.6 gives distances of

waste sources to the recycling facility. Table 3.7 and table 3.8 gives the capacities of

recycling facility and landfill facility respectively. Table 3.9 gives transportation cost to

the landfill and recycling facility in triangular fuzzy number (TFN). Table 3.10 gives

recycling facility operation cost and the revenue generated in TFN.
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Table 3.3
Locations for waste sources, recycling facilities and landfill

Node type Locations
1 Waste sources Township, Miruka, Kebirigo, Nyamaiya, Tinga
2 Recycling plants Township
3 Landfill Kemasare

Table 3.4
Distance in kilometers of the landfill from waste sources

Waste sources locations Distance (Km)
1 Township 12
2 Miruka 8
3 Kebirigo 22
4 Nyamaiya 5
5 Tinga 20

Table 3.5
Distance in kilometers of the recycling facility from waste sources

Waste sources locations Distance (Km)
1 Township 2
2 Miruka 10
3 Kebirigo 10
4 Nyamaiya 17
5 Tinga 8

Table 3.6
The amount of waste at the sources.

Waste sources locations Waste amount in tones d:
1 Township 5,475
2 Miruka 2,920
3 Kebirigo 2,555
4 Nyamaiya 1,460
5 Tinga 1,825

Table 3.7
Recycling plants capacity

Recycling plant Capacity

1 Township (2̂,000, 2̂,500, 3̂,000)
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Table 3.10
Fuzzy operation cost and revenue at the recycling facility per ton

Operation cost Revenue
(1̂000, 1̂200, 1̂400) (3̂600, 3̂800, 4̂000)

Table 3.8
Landfill location capacity

Landfill Q j=1 in tones

1 Kemasare (1̂3,500, 1̂4,000, ̂14,500)

Table 3.9
Fuzzy transportation cost from sources to landfill (j=1) and fuzzy +recycling facility

(j=2)per ton

i/j Source/Facility Kemasare (j=1) Township (j=2)
1 Township (1780, 1̂830, 1̂880) (550,66̃00, 6̂50)

2 Miruka 1̂720, 1̂770, 1̂820) (700,750, 8̃00)
3 Kebirigo (1̂940, 1̂990, 2̂040) (700,750, 8̂00)

4 Nyamaiya (1̂745, 1̂795, 1̂845) (950,1000,1050)
5 Tinga (2030, 2̂080, 2̂130) (̂600,650, 7̃00)

By using the above information the multi-objective problem of MSWM is formulated by

taking Xi j and dc to be deterministic while the rest as TFN. Consequently,

MinZ1 = (1̃780, 1̃830, 1̃880)x1,1 +(1̃720, 1̃770, 1̃820)x2,1 +(1̃940, 1̃990, 2̃040)x3,1

+(1̃745, 1̃795, 1̃845)x4,1 +(2̃030, 2̃080, 2̃130)x5,1 +( ˜550,600, 6̃50)x1,2

+(7̃00, 7̃50, 8̃00)x2,2 +(700, 7̃50, 8̃00)x3,2 +(9̃50,, 1̃000, 1̃050)x4,2

+(6̃00, 6̃50, 7̃00)x5,2 +(1̃000, 1̃200, 1̃400)xi,2 ≾ g1

(3.45)

MaxZ2 =
n

∑
i=1

(3̃600, 3̃800, 4̃000)xi2 ≿ g2 (3.46)
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Therefore,

n

∑
i=1

m

∑
j=1

Xi j = 14235, i = 1,2..5, j = 1,2

n

∑
i=1

Xi1 ≤ (1̃,500, ˜14,000,14,500)

n

∑
i=1

Xi2 ≤ (2̃,000, 2̃,500, 3̃,000)

(3.47)

and equation 3.11

The decision maker assumes that Xi j and dc are deterministic in the model and the

right hand side variables are TFNs. Suppose the decision maker desires to spend ksh.

25,977,050 to handle the amount of waste at the sources and he can only tolerate up

to ksh. 27,400,550. At the same time the decision maker would like to collect ksh.

10,000,000 from recycling waste but not less than ksh 9,000,000. By applying equation

(3.27) for deffuzification, the model is transformed to deterministic form given by

MinZ1 = 1830x1,1 +1770x2,1 +1990x3,1 +1795x4,1 +2080x5,1 +1800x1,2 +1950x2,2

+1950x3,2 +2200x4,2 +1850x5,2 ≾ 25,977,050
(3.48)

MaxZ2 =
5

∑
i=1

3800xi,2 ≿ 10,000,000 (3.49)

such that



x1,1 + x1,2 = 5,475

x2,1 + x2,2 = 2,920

x3,1 + x3,2 = 2,555

x4,1 + x4,2 = 1,460


(3.50)
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x1,1 + x2,1 + x3,1 + x4,1 + x5,1 ≤ 14,000 (3.51)

x1,2 + x2,2 + x3,2 + x4,2 + x5,2 ≤ 2,500 (3.52)

By introducing deviations, the model becomes

MinZ1 = 1830x1,1 +1770x2,1 +1990x3,1 +1795x4,1 +2080x5,1 +1800x1,2 +1950x2,2

+1950x3,2 +2200x4,2 +1850x5,2 +d−
1 −d+

1 = 25,977,050
(3.53)

MaxZ2 =
5

∑
i=1

3800xi,2 +d−
2 −d+

2 = 10,000,000 (3.54)

subject to

constraints (3.50 -3.52) and (3.11)

The model now minimizes the unwanted deviations by optimizing equation (3.40) of

deviations

such that

MinZ1 = 1830x1,1 +1770x2,1 +1990x3,1 +1795x4,1 +2080x5,1 +1800x1,2 +1950x2,2

+1950x3,2 +2200x4,2 +1850x5,2 +d−
1 −d+

1 = 25,977,050
(3.55)

MaxZ2 =
5

∑
i=1

3800xi,2 +d−
2 −d+

2 = 10,000,000 (3.56)

subject to
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constraints (3.50 -3..52) and (3.11) The model is then solved by simplex method to obtain

the values of deviations and hence obtaining Z1 and Z2.

Under these circumstances, the fuzzy- type of the linear membership functions for the

objectives functions µZ1 and µZ2 is defined for the transportation and operation cost and

revenue, respectively, as follows:

µZ1 ∼=


0 if Z1 ≳ 27,400,550

27,400,550−Z1
27,400,550−25,977,050 if 25,977,050 ≾ Z1 ≾ 27,400,550

1 if Z1 ≾ 25,977,050
(3.57)

µZ2 ∼=


0 if Z2 ≾ 9,000,000

Z2 −9,000,000
10,000,000−9,000,000 if 9,000,000 ≲ Z2 ≾ 10,000,000

1 if Z2 ≿ 9,000,000
(3.58)
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CHAPTER FOUR

RESULTS AND DISCUSSION
4.1 Introduction

This section presented the results from the model formulated in Chapter Three. The

developed model for minimizing the net system costs and maximizing the net revenues

from recycling was solved using an analytical simplex method in linprog a programme

of MATLAB. Sensitivity analysis tests has been conducted on the model.

4.2 Solution of the model

Using the obtained data in the chapter three and the developed model, the parameters

were substituted and using the proposed method the results were obtained. To obtain the

optimal solution a total of twenty-two iterations were performed.

Table 4.1
The variables on the model and the translated linprog simplex variables

Model variables Translated simplex method
x1.1 x1
x2.1 x2
x3.1 x3
x4,1 x4
x5.1 x5
x1.2 x6
x22 x7
x32 x10
x4.2 x9
x5.2 x10
d−

1 x11
d+

1 x12
d−

2 x13
d+

2 x14

38



The results of this study involved converting fuzzy constraints into deterministic con-

straints and solving the formulated FGP model using simplex method.

Table 4.2:

Iterations

Iteration: 1
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Calculation of table elements:

Iteration: 2
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Calculation of table elements:

Iteration: 3
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Calculation of table elements:

Iteration: 4
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Calculation of table elements:

Iteration: 5

Calculation of table elements:

Iteration: 6
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Calculation of table elements:

Iteration: 7
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Calculation of table elements:

Iteration: 8
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Calculation of table elements:

Iteration: 9
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Calculation of table elements:

Iteration: 10
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Calculation of table elements:

Iteration: 11
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Calculation of table elements:

Iteration: 12
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Calculation of table elements:

Iteration: 13
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Calculation of table elements:

Iteration: 14
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Calculation of table elements:

Iteration: 15
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Calculation of table elements:

Iteration: 16
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Calculation of table elements:

Iteration: 17
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Calculation of table elements:

Iteration: 18

Calculation of table elements:

Iteration: 19
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Calculation of table elements:

Iteration: 20

56



Calculation of table elements:

Iteration: 21
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Calculation of table elements:

Iteration: 22

Calculation of table elements:

Iteration: 23
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Calculation of table elements:

Answer:

F×= 1080075

X×= (4013;2769;2404;1365;1184;1462;151;

151;95;641;0;580075;500000;0;0;0;0;0)

Conventions:

From the Simplex Method processes illustrated above the following results shown in the

tables 4.3, 4.4 and 4..5 were obtained.
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Table 4.2
Model variable solutions

Model variables Solutions
x1.1 4013
x2.1 2769
x3,1 2404
x4,1 1365
x5,1 1184
x1.2 1462
x22 151
x3,2 151
x42 95
x5,2 641
d−

1 0
d+

1 5810075
d−

2 500000
d+

2 0
d+

3 0
d−

3 0
d+

2 0
d+

4 0
d−

4 0

Table 4.3
Deviation variable values

Deviations Values
d−

1 0
d+

1 580075
d−

2 500000
d+

2 0

Table 4.4
Objective function values

Goal Objective function Values
1 Z1 26,557,125
2. Z2 9,500,000
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The obtained results illustrates that if the recycling facility is utilized to full capacity it

will provide maximum benefits from generated revenue. The remaining waste is taken to

the landfill. The model assumes that any waste generated can be recycled for commercial

benefits.

From the results above the cost of managing 14,235 tons of waste is ksh. 26,557,125

which falls below the optimal threshold of ksh 27,400,550 as earlier projected by decision

maker in Chapter three (section 3.9). This operational cost consists of the overall costs

of waste management from the sources to the landfill, transportation cost of from the

source to recycling facility and the cost incurred at recycling facility. This gives a MF

of 0.600944068 that indicates a 60% satisfactory level. The triangular membership

function for the first objective function is graphically represented by Figure 4.1

Figure 4.1 First Objective Function

The second objective function intended to maximize the revenue from recycling 2500

tons of waste. The results obtained show that ksh 9,500,000 was generated from the

recycling facility which is the maximum revenue that can be generated from recycling

indicating MF value of 0.5 giving 50% satisfactory level.
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Figure 4.2 Second Objective Function

The results of this study are of immense practical utility since by incorporating the

recycling process in waste management, the system will in so many ways reduce the

overall cost of waste management from a minimum of ksh 25,977,050 to ksh 16,477,050

which is 36% reduction.

4.3 Sensitivity Analysis

The input data to the FGP model is the key point for the sensitivity analysis of any

model. Using the sensitivity analysis based on the optimal solution, the effect of change

of parameters can be clearly exemplified. In this section, the sensitivity analysis of

operation cost at the recycling facility and recycling limitation will be tested by varying

their associated parameters.

4.3.1 Operation Cost Analysis

The sensitivity of the FGP model to the costs of waste management was tested by varying

the operational costs of recycling facility as shown in Table 4.6.

Table 4.5
Different Cases for the varying of the operation Cost

Case 1 Model cost Case2
Operational cost 1000 1200 1400
Net Total cost 16,557,125 17,057,125 17,621,225
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When the operational cost at the recycling facility was reduced to ksh 1,000 from ksh

1,200 per ton it reduced the net system cost of SWM further to ksh16,557,125 from

ksh17,057,125. On the other hand when the operation cost was increased to ksh@,1400

per ton it increased the net system cost to ksh17,621,225. As far as the variable cost for

processing facilities is concerned, a change in the variable cost seems to bear the most

significant change in the total cost for the SWM system. An increase of variable cost

by ksh.200 increased the total cost for the SWM system by 103.30% of the model cost.

On the other hand by reducing the variable cost by ksh 200,the FGP model cost will

reduce to 97.06% of the model cost. This means that the variable cost parameter is very

sensitive therefore care should be taken whenever the decision makers plan for the SWM

alternatives. Therefore the operation cost at the recycling facility is directly proportional

to the net system cost as represented graphically by Figure 4.3.

Figure 4.3 Operation Cost vs Total Net Cost
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4.3.2 Recycling Limitations Analysis

Table 4.6
Different cases of the recycling variable capacity

Case 1 Model capacity Case 2
Variable capacity 2000 2500 3000
Net system cost 19,144,180 17,057,125 15,131,660

The study considers the sensitivity of changing the capacity of recycling facility to the

model formulated as shown in the table 4.7 and illustrated by fig 4.4. Two cases were

considered, in the first case the study reduced the recycling capacity by 20% while in

the second case the recycling capacity was increased by 20%. The results show the

inverse relationship between recycling facility capacity and the net total cost for the

SWM system. In the first case, there is an increase of the total cost for the SWM system

by 12.23% (Ksh 19,144,180) while on other case there is a decrease of the total cost for

the SWM system by 11.28% (Ksh 15,131,660) compared to the base case. Therefore

increasing recycling capacity variable reduces the net system cost, that is the recycling

facility capacity is inversely proportional to the net system cost.
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Figure 4.4 Recycling Capacity vs Net Total Cost
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction

In this chapter a summary of the study is done highlighting important areas covered.

Conclusion is made based on the basis of achieved results as per the set objectives.

Recommendations are made to policy makers and suggestions for further research is

given.

5.2 Summary

In chapter one of this study the paper looked at the introduction where the background of

the study was discussed focusing on Nyamira municipality, municipal solid waste, solid

waste management and as well as various solid waste management processes. Chapter

one goes ahead to talk about mathematical modeling, fuzzy sets and membership func-

tion, goal programming as well as fuzzy goal programming. It also contain statement of

the problem, objectives of the study, significance, justification, the scope and limitations

and the assumptions.

Chapter two took a review of related literature highlighting the contribution of various

scholars and positively criticizing the gaps. It has conceptual framework and identifies

the gap to be filled.

Chapter Three the study develops the model starting with deterministic parameters

then converts it to the fuzzy parameters, it also conducts defuzzification leading to

formation of the model represented by equations (3.40-3.42) subject to constraints (3.35-

3.37)and (3.11). The study conducts a case study in Nyamira Municipality using the data

collected from Environmental services department in the municipal comprising of cost

incurred in waste management and the quantity of waste in the municipality.
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Chapter four the study applies the data on the model formulated in chapter Three and

solves it using simplex method. The obtained results is shown in tables 4.2, 4.3 and 4.4.

Sensitivity analysis was done on the recycling facility which suggests that an increase in

capacity will decrease the cost even further.

Chapter five looks at the summary, conclusion, recommendations and suggestions for

further research. In the appendices the paper has the list of references. It also has figures

containing pictures showing the state of waste management in Nyamira Municipality.

5.3 Conclusions

The conclusions of the study

1. A fuzzy goal programming mathematical model was formulated to handle solid waste

management in Nyamira Municipality.

2. The model was solved analytically by simplex method. This gave the results for first

objective function as ksh. 26,557,125 and second objective function is ksh. 9,500,000.

This results yields a membership functions of the first and second objective functions as

0.6 and 0.5 respectively. Incorporating the return from revenue of recycled solid waste

reduces the cost of solid waste management from the intial cost of ksh. 26,682,310 to

ksh. 17, 057,125 which is 36% reduction.

3. The numerical simulation conducted and as a result graphs were drawn that shown the

trend of the outcome of the model.

4. The numerical simulation was done with sensitivity analysis being conducted on

the operation cost of the recycling facility and on the capacity of the recycling facility.

Varying the operation cost at the recycling facility gives a direct correlation between
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net system cost and the cost of operation that is an increase in the cost of operation

leads to corresponding increase in the net system cost of solid waste management. The

sensitivity analysis was conducted on the capacity of recycling facility showed an indirect

relationship between the net system cost and capacity of the recycling facility where an

increase in the capacity of recycling facility decreased the net system cost of solid waste

management.

Therefore the formulated model has been found to be very effective in the manage-

ment of solid waste not only in Nyamira Municipality but also other areas.

5.4 Recommendations

The study recommends to the authority in charge of solid waste management in Nyamira

Municipality and beyond to consider its findings and implement them in processes of

handling of solid waste as follows;

1. Adopt the formulated model in managing solid waste.

2. Incorporating recycling of solid waste as one way of managing solid waste, it does not

only generates revenue but also reduces the quantity of was ending at the landfill hence

increasing it’s lifespan. It will also create job opportunities to the residents both direct

and indirect as well as saving on foreign exchange.

3. Collect and store the data on waste management in a retrieval format. this can

be retrieved and simulated to monitor the cost of waste management.

4. By increasing the capacity of the recycling facility will go a long way in reduc-

ing cost of waste management further. As this is done the authority should ensure that

the operation cost should be kept as low as possible.
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5.5 Suggestion for Future Studies

The following areas can be considered for future research;

i) The element of time (dynamic element) can be introduced into the model; for

instance we can consider activities within time period , where some parameters can

change with time t. Planning involves time, and if an application is concerned with

a situation that lasts for years, the same types of decisions may have to be made

every year. When planning a multi-period horizon (say ,), and there is no change

in the data at all from one period to the next, then the optimum solution for the first

period found from the static model for that period , will remain optimal for each

period in the planning horizon. In most multi-period problems, data changes from

period to the next are significant, and the optimum decisions for the various periods

may be different, and the sequence of decisions will be interrelated. Designing

a dynamic model with the aim of finding a sequence of decisions (one for every

period) that is optimal for the planning horizon as a whole, requires reasonably

accurate estimates of data for every period of the planning horizon. This is a

challenge, but if such data is available, a dynamic model tries to find the entire

sequence of interrelated decisions that is optimal for the model over the entire

planning horizon.

ii) More waste management alternatives can also be considered in the model such

incinerators, compositing and waste to energy recovery.

iii) Conducting sensitivity analysis on transportation cost in the developed FGP model.
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Appendix I: Photos showing study site

Figure 6.1 a) Pictures showing waste in streets Nyamira municipality.
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Figure 6.2 b) Upper Nyamira municipality landfill at Kemasare

Figure 6.3 c) Lower Nyamira municipality landfill at Kemasare
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