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Abstract

Waste management has become a crucial topic in modern civilization due to its negative
environmental implications. This research focuses on the development of a green supply chain
network for waste management, with an emphasis on incorporating environmental
sustainability into decision-making. Waste management is necessary for environmental
sustainability and it has impact on health of citizens and GDP of a country. The goal is to
reduce the environmental impact of waste disposal while increasing resource recovery and
recycling. The proposed green supply chain network design has three objectives of minimizing
cost of transportation, minimizing GHG emissions due to transportation and maximizing
saving of emissions due to waste management activities. The proposed model is multi-objective
that take multi period into consideration. Interactive multi-objective fuzzy programming is
used to optimize the model and study the results. The methodology is compared with goal
programming to study its results and comparing the results of both methodologies. Various
scenarios are discussed to study the effect of waste segregation as well. Higher the segregation
of waste, emissions saved also increases. This study also mentions the importance of
segregation of waste at consumer level. For future practice study on wet waste and food waste

is also suggested with the dry waste.
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Chapter 1. Introduction

In this chapter, introduction of waste management, supply chain of waste management,
green supply chain management and problem statement is elaborated. Aims and objective of

the study are also mentioned in this chapter.

1.1 Introduction

The operations of Supply chain and Logistics are the most crucial for economic activities
of a business and to stay competitive. These operations focus on profit maximization and
customer satisfaction. Supply Chain Management evolved and started to take environment in
consideration. Green Supply Chain Management introduces two types of “greenness” (Wang
etal., 2011), Green product design and green operations. Green Supply Chain Network design
falls into second category along with green manufacturing, waste management and reverse
logistics. The purpose of Green Supply Chain is to reduce the impact of supply chain activities
on environment. Transportation is the most significant factor which contributes highly towards
the growth of economy due to increase in freight transportation but it also has most negative

impact on environment as Green House Gas emissions causes global warming.

Waste management is the prominent activity all around the globe for clean
environment. Waste can be categorized as Municipal solid waste, Industrial Waste, hazardous
waste and e-waste. Usually waste has been considered as a cost due to only landfilling being a
normal approach. This approach has caused numerous impacts on environment and economy.
Studies has moved toward sustainable waste management for better economic and
environmental solutions. Sustainable waste management includes waste segregation, recycling
of waste (value capturing from waste), incineration and minimum landfilling of waste.
Transportation is the most significant activity in waste management. The supply network of
waste management starts from waste generation and ends at dumping of waste in landfills. This
research focuses on the sustainable waste management process by focusing on the GHG
emissions due to transportation of the waste, saving GHG emissions by segregation of waste

and by introducing percentages criteria for waste activities.

Due to increase in population and consumerism waste generation has been rapidly
increasing (Sharif et al., 2018). 1.2 kg per capita per day waste has been generated today that
will increase to 1.42 kg per capita per day. In other words 1.3 Billion tons per year waste has
been generated which will increase to 2.2 Billion Tons per year (Hoornweg and Bhada-Tata,
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2012). Recycling of waste has been in discussion from quite a time but a few countries are
actually working on it. Waste processing worth $410 billion per year (Edalatpour et al., 2018).
Even though waste management has numerous benefits, the collection, transportation, and
disposing of waste has very adverse environmental effects. These effects include Green House
Gas emissions and other effects which are visible on daily basis i.e., land pollution, pungent
smell and air pollution such as dust. Sustainable waste management includes economic,
environmental and social impacts for betterment of humans and making sure that such activities

do not have any effect on future generation’s needs.

Waste management activities include source reduction, collection of waste, recycling,
incineration, composting and landfilling. Most of the time these activities are overlooked and
waste is dumped directly into landfills. To reduce the environmental impact of waste
segregation of waste is encouraged. Moving to circular economy from linear economy is
necessary for sustainable futures. Incineration and composting reduce the waste percentage that
would otherwise go to landfilling (Zhang et al., 2014). This study focuses on municipal waste
and its management. Municipal waste is composed of Food waste (perishable wet waste) and
recyclable materials (dry waste) such as paper, cardboard, plastic, metals and glass (Buenrostro
etal., 2001).

In this research, for designing a supply chain network, economic objective in terms of
minimizing the cost of transportation is considered. In previous research works required
number of vehicles are usually considered as a constant but we have taken required number of
vehicles as a decision variable. Capacity of vehicles are taken into consideration with volume
by weight criteria because vehicles doesn’t carry full capacity load. For calculating the effects
of waste activities, we have considered recycling, incineration and landfilling. GHG emissions
vary depending on the type of waste, but for generalizing purpose of this research we have
taken a constant value for GHG emissions. This will help in understanding the effect of waste

management activities.

A supply chain network is designed for waste management based on multi-objective
mathematical model. The proposed model has three objectives for minimization of cost of
transportation of waste, minimization of GHG emissions of transportation and minimizing the
effect of waste activities on environment. The first objective minimizing the cost of
transportation takes into consideration of travelling between every point in supply chain

network. The second objective function, minimizing GHG emissions of transportation process



takes into consideration the fuel consumption rate of vehicles and the distance traveled. Fuel
consumption rate of vehicles is calculated through linear regression. The third objective
function gives the novelty to this research by taking recycling, incineration and landfill as waste
management activities and defining percentage of waste to each activity and finding the saved

emissions. The multi objective model is solved using genetic algorithm.

1.2 Problem Statement

The waste management supply chain is not sustainable and segregation of waste is not taken
into consideration for environmental and economic aspects. The sustainable waste
management is the dire need of this era to control global warming and reducing the cost of
waste dumping. Waste segregation should be prioritized everywhere. For sustainable waste
management, Condition of vehicles, vehicle routing to collect the waste, fuel consumption rate
of vehicles, segregation of waste into different type of waste management activities needs taken
into consideration. A proper supply chain network will reduce the cost of waste dumping,
increase the job opportunities at segregation points also at other recyclable activities and reduce
the effect of waste on environment. The waste management supply chain requires changes in
waste segregation at homes and then at sortation centers. It also needs to maximize the
recycling activities more so that GHG emissions are saved. The minimization of cost
eventually results in more profit and job creations. The minimization of GHG through
transportation and waste activities will result better in environmental sustainability. Hence, this
research focuses on minimizing the cost of transportation of waste, minimizing GHG emissions
of transportation and minimizing GHG emissions from waste activities by taking waste
segregation ratios into consideration. This research emphasis on the basic concept of
segregation of waste and avoided emission due to it. Following figure 1 shows a graphical

representation of waste management’s supply chain.
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1.3 Aims and Objectives

This research is based on the following aims and objectives:

e To formulate a multi objective mathematical model for designing a green supply
chain network for waste management activities

e To minimize the cost of transportation of waste

e To minimize the GHG emissions in transportation of waste while considering Fuel
consumption rate of vehicles

e To minimize the GHG emissions of waste activities by considering the waste
segregation ratios

e To optimize the designed multi objective model using Interactive Multi Objective
Fuzzy Programming

e To test the proposed model by using a case study of Saaf Suthra Sheher

1.4 Summary of the Chapter

The importance of designing a supply chain network design for waste management is
highlighted based on choices made at the end of life cycle of a product. Amount of waste
dumped in landfills has been increasing and causing massive pollution. This has caused air,
land and water pollution which leads to water scarcity and different diseases. By
considering a green supply chain network and different waste management activities, a
supply chain network for waste management is to be designed. The existing literature also
highlights the gaps for waste sortation and uncertain amount of waste production in. The
objective of studying saving emissions needs to be considered to study the effect of
different waste management activities on environment. The interactive multi objective is

used for optimizing the designed network.



Chapter 2: Literature Review

In the following chapter extensive study of literature of green supply chain network
design, waste management, value capturing from waste and different methodologies is done.

Table at the end of the chapter shows the research gap in this study.

2.1 Literature Review
In the following chapter extensive study of literature of green supply chain network
design, waste management, value capturing from waste and different methodologies is done.

2.1.1 Green Supply Chain Network Design

In this ever-growing competitive business world, supply chains are considered the
backbone of every business. A fitting supply chain network design assists in linking different
tiers of the supply chain and helps in increasing profit and customer satisfaction (Barzinpour
and Taki, 2018). This norm of Supply Chain network design does not include environmental
sustainability, which is very important ongoing research due to global warming these days.
Green supply chain network design can cater to all three areas, profit maximization, customer
satisfaction, and reducing the environmental effect of the whole supply chain. The past
literature has excluded the environmental effect of any supply chain network, but researchers
have moved towards studying the environmental consequences of supply chain networks in

recent decades.

A well-designed green supply chain network can generate good results economically
and environmentally. This designed network should be able to provide effective and coherent
management to get effectual results of profit maximization and environmental sustainability
(Barzinpour and Taki, 2018).Wang et al. (2011) studied the relationship between total cost and
environmental effect by multi-objective optimization model. Elhedhli and Merrick (2012)
studied the relationship between vehicle weight and CO2 emissions with concave function.
Chen et al. (2021) studied the literature regarding Green Supply Chain Management and
studied the Green Supply Chain Network design under uncertainty. Boronoos et al. (2021)
proposed the model to study Green Supply Chain Network design to minimize cost, CO2
emissions, and robustness costs in forward as well as reversed supply chains. This study was

in the electronic industry.

A key model to study how supply chains affect the environment is supply chain network
design (SCND). Environmental sustainability may not be compatible with the conventional

emphasis on cost reduction and improved responsiveness. Among other relevant factors, a
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company's reputation is influenced by its social responsibility and environmental integrity.
Additionally, a sustainable supply chain is now essential to an organization's success rather
than just a luxury (Waltho et al., 2019). SCND models unavoidably become more complex
when more components—such as multiple periods, inventory decisions, transportation routes,
and certain operation-related practices—are added to better resemble reality. GHG emission
reporting is not an exception. Even though some activities have a linear effect on emissions,
others are more difficult to model, particularly when they are paired with environmental
policies. We can carry forward with research and implementation of these researches to have a

better environment.

2.1.2 Waste Management

Waste management is an important part of the environmental management system. In
every country, its government manages every type of waste in the environment and it is the
most impactful municipal service. Standard operating procedures are set for people to follow.
Governments try to maintain the cost, service level, and environmental effects that change
drastically (Hoornweg and Bhada-Tata, 2012). Usually, the economic status of a country
impacts its solid waste management practices (Srivastava et al., 2014). The increase in
population has rapidly affected the generation of waste from the start of this century. When
waste is produced more than the capacity of landfills, it is released into the environment
(Brahney et al., 2020). In 2012 World Bank projected that 1.3 million tons of waste is produced
from urban settlements, which will be doubled by 2025 (Hoornweg and Bhada-Tata, 2012).

Waste increases environmental risks if it isn’t taken care of properly. Moving towards
sustainability is the utmost necessity in today’s age. With the emergence of COVID-19, the
challenge of waste management has increased twofold as the need for personal protective
equipment plastic packaged food, and disposable items related to everyday necessity increased.
Wuhan suffered a rapid increase from 40 to 50 tons of waste per day to 247 tons of waste per
day(Si and Li). This sudden increase needed fast collection and recycling of waste, which was
disturbed due to lockdowns causing labor shortages(Plus, 2020). This triggered an
environmental crisis as current practices of waste management were not enough to deal with it
(\Vanapalli et al., 2021). Developing countries are suffering more than developed countries, as
the latter have more secure practices than the former (Sharma et al., 2020). The traditional
methods of using landfill incineration are once again replacing sustainable methods of reuse

and recycling because it will increase the contamination risk of disease (Klemes et al., 2020).



Waste has been classified in different categories for its management by different
countries according to their own standard operating procedures of waste management. Adedibu
(1985) stated that residential environments are where domestic solid waste is produced but
municipal solid waste is generated in public parks and streets. Municipal waste does not
constitute of hazardous waste and mostly consist of domestic waste i.e., paper, plastic, food
waste, glass and gardening waste (Heinen, 1995). In USA this waste is considered as municipal
solid waste (United States. Environmental Protection Agency. Office of Solid et al., 1994).
Mexicana (1994) states that except for the hazardous and potentially hazardous waste generated
in hospitals, clinics, laboratories, and research centers, along with the industrial waste that is
not derived from the industrial process itself, MSW is defined by Mexican environmental
legislation as being generated by municipal activities, so it does not require special techniques
for control.

Various methods have been developed and researched for reducing environmental
impact of waste management. Reduce, reuse and recycle are the best strategies for boosting
sustainability of environment (Koul et al., 2022) but there is still lack of comprehensive
approaches to manage and observe municipal solid waste, globally. Preventing waste is also a
great way to reduce waste in environment and sustainability of waste (Wan et al., 2019). Life
cycle assessment has widely been used for studying environmental impact of different methods
used for municipal waste management in decision making and strategy planning (Zhang et al.,
2021). Researchers have been working on reducing the environmental impact of waste

management activities using vehicle routing problem and value capturing of waste.

2.1.3 Value capturing from waste

Shifting from linear economy to circular economy requires understanding potential of
waste for value creation. The approach of circular economy is in line with sustainable
environment and economic development for economic growth (Schulze, 2016). For sustainable
environment more focus is on the waste management to prevent its impact on environment.
Yang et al. (2017) proposed the concept of “value uncaptured”. Capturing value from waste is
one of the known method for sustainable environment and economic development by
maximizing the resource efficiency and minimizing its overall impact on environment (Zacho
etal., 2018).

A user usually discards any item when it is not needed. Cardboards, paper, and glass

etc. are usually collected for recycling. Waste is usually contaminated due to not being



segregated properly so it loses its value that can be generated from it. Three principals of
reduce, reuse and recycle are of foremost priority to move forward towards sustainability (Das
et al., 2019). Reducing waste at the source is also very crucial these days by following the
waste management hierarchy (Maskuriy et al., 2020). It includes prevention, re-use, recycling
and recovery before disposing off any item. The European WFD made waste management

hierarchy priority before management of waste (Wuttke, 2018).

For capturing most value from waste, Zacho et al. (2018) states that circular economy
ranks following methods fit for maximizing resource utilization and minimizing its effects of
environment: 1) Prevention, 2) Reuse, 3) Recycling, 4) Energy recovery and 5) Disposal.
Preparing waste to increase its potential for reuse and recycle is one of the most dominant
activity to increase resource efficiency and minimizing environmental impact. Various
methods have been researched on in various industries to prepare waste to increase its potential.
In manufacturing industry, process mapping is one enhancement to maximize the material use.
This method helps us to understand the use of waste that is going to produced beforehand and
prepare for its reuse, recycle, incineration or proper dumping (Rybicka et al., 2015).Soini et al.
(2018) states that best practice of circular economy effects all three dimensions of

sustainability.

2.1.4 Vehicle Routing for Waste Management

Waste generation has sparked widespread public concern in modern countries, not only
because of the quantitative increase in trash output, but also because of the rising complexity
of various products and components. Trash collection is a critical function in the reverse
logistics system, and how to collect waste efficiently is an area that need improvement. Waste
collection is an essential part of waste management. Waste collection is defined as follows by
the Organization for Economic Co-operation and Development (OECD) in 1997: “Waste
collection is the collecting and transportation of waste to a location for treatment or disposal
by municipal agencies or similar institutions, as well as public or private corporations,
specialized enterprises, or the general government. Municipal garbage collection might be
selective, that is, for a certain type of product, or undifferentiated, that is, for all types of waste

at the same time”’(Klimisch et al., 1997).

Waste collection problems are usually considered as arc routing problems without time
windows. This case also pertains to municipal waste collection from residential areas (Kim et

al., 2006). The classic objective of Vehicle routing is minimization of cost. Vehicle routing



problem is the most studied combinatorial optimization problem, used to optimize routes
performed by set of vehicles to serve a set of customers (Toth and Vigo, 2002). It was first
applied in the field of waste collection and transportation (Beltrami and Bodin, 1974).
Optimization of waste collection and transportation has been happening from previous decade
by using different modeling methods and different methodologies. Using GIS (Ni-Bin Chang,
1997) studied the best route and schedule in solid waste collection system. Comparing GIS and
Linear programming with existing waste collection routes Rizvanoglu et al. (2020) suggested
the best result. (Bing et al., 2014) solved vehicle routing for collection of house hold plastic

waste by keeping eco-efficiency as performance indicator, using a tabu search algorithm.

Babaee Tirkolaee et al. (2019) proposed simulated annealing to optimize municipal
waste collection with objectives of minimizing cost of transportation, cost of vehicles and
penalty cost for deviating from time windows. By proposing modified particle swarm
optimization model Hannan et al. (2018) optimized the routes for a capacitated vehicle routing
problem in collection of solid waste. De Bruecker et al. (2018) used model enhancement
approach for optimizing shifts and routes for minimizing cost of collecting and transporting

waste, also minimizing labor cost.

Most of research has not taken time windows in account, but to increase efficiency of
a work, completing the task in specified time windows is necessary. Kim et al. (2006) used
Solomon’s insertion algorithm to solve vehicle routing problem with time windows to lower
the number of vehicles and minimizing time in a real-world situation where workload balance
is also considered. A roll-on roll-off vehicle routing problem with time windows is studied by
(Juyoung WYy 2013), proposing large neighborhood search based iterative heuristics. Louati
(2016) developed an effective vehicle routing model to optimize routes while minimizing cost,
distance and emissions while taking time windows, multiple trips and inhomogeneous fleets in
account. Nurprihatin Filscha (2020) developed waste collection vehicle routing model while

taking spilt delivery, time windows, multiple trips and heterogeneous fleet into consideration.

Municipal waste and solid waste can also contain hazardous materials. Transporting
these material is also a risky process. ReVelle et al. (1991) modeled a multi-objective
transportation model to minimize the burden and transportation risk alongside assigning the
facilities. To minimize the total cost and risk of vehicle routing of an explosive waste Zhao and
Zhu (2016), designed a multi-depot vehicle routing problem. A modified lexicographic

weighted Tche by cheff method is proposed to solve this bi-objective problem. Mariagrazia
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Dotoli (2017) solved a waste scheduling and transportation model for hazardous waste. Taking
COVID-19 situation into consideration Emre Eren (2021), originate a multi objective model

using linear programming to optimize the routes along increasing safety score.

Biggest aspect of climate change is Global warming, which is caused by the increase
of greenhouses gases in atmosphere. While transporting the waste GHG gasses are eliminated
to the atmosphere from vehicles. To reduce the amount of GHG emissions, researchers have
introduced the objective function of minimizing GHG emissions or minimizing COz in their
research. Jose Carlos Molina (2019) designed waste collection routes for a single landfill using
eco efficiency as a performance indicator. To reduce system cost and CO emission,
Mohsenizadeh et al. (2020) proposed bi-objective optimization model for municipal solid
waste management. Hailin Wu (2020) constructed a priority considered green vehicle routing
problem to minimize distance of routes and emission of greenhouse gasses. Chance constrained

low carbon vehicle routing problem is modeled in (Wu et al., 2020a).

Vehicle Routing is a NP-hard problem. Using heuristic to solve it, is common.
Benjamin and Beasley (2010) presented two metaheuristics algorithms, tabu search and
variable neighborhood search. Simulated annealing is used by (Babaee Tirkolaee et al., 2019)
to solve the problem. Hannan et al. (2018) has used particle swarm optimization (PSO) to solve
the VRP problem. Hailin Wu (2020) has used local search hybrid algorithm (LSHA), particle
swarm optimization (PSO) and simulated annealing to solve the problem defined. There are
many other methods including exact method, metaheuristic, real time solution and simulation

and classic heuristic (Braekers et al., 2016).

In conclusion there are a lot of research of algorithms to solve waste collection problem.
Most of these algorithms are single algorithms. Single algorithms have less efficiency than
hybrid algorithms. Research on hybrid algorithms is a recent event. They increase the

efficiency of the result.

2.1.5 Interactive Multi Objective Fuzzy Programming

The distribution planning decision (DPD) entails optimizing the transportation plan for
assigning commodities and/or services from a collection of sources to various destinations
throughout a supply chain. The DPD problem is essentially a subset of the regular linear
programming (LP) issue that may be solved using the simplex approach. Furthermore, several
particular solution methods, such as the stepping stone approach and the modified distribution

(MODI) method, make DPD problems much easier to solve than the LP method (Kumar et al.,
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2019). When using any of the standard LP or current solution methods to address DPD
problems, the objective function and model inputs are generally expected to be
deterministic/crisp. Most real-world DPD situations have imprecise/fuzzy environment
coefficients and model parameters, such as available supply, predicted demand, and
corresponding cost/time coefficients, because some information is inadequate and/or
unavailable across the planning horizon. Traditional deterministic LP and special solution

algorithms, obviously, cannot tackle all imprecise/fuzzy DPD programming situations.

The investigation demonstrated the existence of an analogous ordinary LP form for the
fuzzy decision-making paradigm presented by (Chakraborty et al., 2023).Zimmermann's fuzzy
linear programming (FLP) has now evolved into a number of fuzzy optimization algorithms
for addressing DPD problems in fuzzy settings. Using crisp cost coefficients and fuzzy supply
and demand values, Haque et al. (2022) established an FLP model for handling transportation
challenges. Furthermore, Sakthivel et al. (2022) established the concept of optimal
transportation issue solution using fuzzy coefficients expressed as L-R fuzzy numbers, and
devised an algorithm for achieving the optimal solution. Furthermore, Nagar et al. (2019)
developed an algorithm for solving the integer fuzzy transportation issue with fuzzy supply and
demand volumes by maximizing the combined satisfaction of the fuzzy goal and constraints.
Anuradha et al. (2019) devised a parametric method for calculating an auxiliary parametric
solid transportation problem (PSTP) connected to the main problem. To discover a decent
fuzzy solution to the PSTP, an evolutionary approach was used. Related research on the
application of fuzzy programming methods to address fuzzy DPD problems include (Singh and
Singh, 2022), (Kane et al., 2021) and (Gupta and Arora, 2021).

In the case of practical TPD challenges, the decision maker (DM) typically deals with
competing objectives that regulate the utilization of limited resources inside organizations. The
DM, in particular, must simultaneously optimize these competing aims within a context of hazy
aspiration levels. Minimizing total distribution/transportation costs, number of rejected items,
and delivery time/distance, for example, and/or maximizing total profits, relative safety, and
customer service level (Abd EI-Wahed, 2001), (Climaco et al., 1993, Isermann, 1979) and (Li
and Lai, 2000). Zimmermann (1978) was the first to apply his FLP approach to a multi-
objective linear programming (MOLP) issue using linear membership functions to describe
fuzzy objectives in 1978. The DM was considered to have fuzzy objectives for each of the
objective functions in this MOLP problem, such as "the objective function should be

substantially less than and/or equal to some values.” (Chen and Tsai, 2001), (Dubois et al.,
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1996), (Hannan, 1981), (Kuwano, 1996), (Leberling, 1981), (Luhandjula, 1982), and (Sakawa
and Yano, 1988) have all published research on fuzzy goals programming (FGP).

Furthermore, academics have created a number of FGP algorithms for solving multi-
objective DPD problems. Bit et al. (1993) provided an additive fuzzy programming model for
the transportation planning problem that took into account weights and priorities for all non-
equivalent objectives. Li and Lai (2000) presented a fuzzy compromise programming method
for obtaining a non-dominated compromise solution for multi-objective transportation decision
problems using the marginal evaluation for individual objectives and the global evaluation for
all objective functions. Furthermore, Abd El-Wahed (2001) developed a fuzzy programming
approach for determining the optimal compromise solution of a multi-objective DPD problem
by assessing the degree of similarity of the compromise solution to the ideal solution using a
family of distance functions. (Das et al., 1999), (Hussein, 1998), and (Verma et al., 1997)

conducted studies on solving DPD issues with fuzzy multiple objectives.

2.2 Literature Contribution Table
Table 1 shows the literature contribution table for the existing literature of supply chain
network design for waste management factors like waste segregation, emissions from waste,

environmental objectives and methodology.
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Segregation of No. Of Objective Function

Waste vehicles
Author At At Sortation Decision Parameter 9% of GHG Total Cost of Total Time of Impact of Methodology
Year source Centers Variable Waste emission Transportation the Process Segregation
Segregation  of Vehicles of waste

(Wu et al., 2020a) v v v PSOSA

(Wu et al., 2020b) v v v Particle Swarm
Optimization

(Olapiriyakul et al., v v v Branch and  Bound

2019) Method

(Babaee Tirkolaee et v v v v Simulated Annealing

al., 2019)

(Babaee Tirkolaee et v v v Fuzzy Optimization

al., 2019)

(Rathore et al., 2022) v v v Particle Swarm
Optimization

(Aliahmadi et al., v v v Augmented € Constraint

2021) Method

(Eghbali et al., 2022) v v v v LP Metric Method

Proposed Research v v v v v v Interactive Multi
Obijective Fuzzy

Programming

Table 1-1:Literature contribution Table for the existing literature for Supply Chain Network Design for Waste Management
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2.3 Research Gap

An in-depth analysis has been performed of the existing literature regarding the green
supply chain network design of waste management, waste segregation, waste production and
emissions from waste and transportation. The literature review shows the need for designing a
green supply chain network design has potential for saving emissions from waste and
minimizing GHG of transportation process. The minimization of GHG function includes
vehicle fuel consumption rates and amount of waste a vehicle carries. The minimization of cost
of transportation function includes cost of vehicle selection and transportation cost between
each node. The consideration of factors such as uncertain waste production and uncertain
emissions based on waste also address the research gap. The consideration of saving emission
from waste management activities using waste segregation is major contribution to existing

literature.

2.3.1 Proposed Framework

To fill the research gaps identified by conducting literature review, a multi objective
model is proposed for waste management that can serve as a decision support tool for a waste
management supply chain. The proposed model is based on the objectives of cost minimization
of transportation, GHG minimization of transportation and maximizing saving emissions from
waste management activities. The proposed framework for waste management is also
optimized for a waste management company using the Interactive multi-objective fuzzy

programming.

2.4 Summary of the chapter

In this chapter, an in-depth analysis of existing literature review is performed which
starts with basic understanding of green supply chain network design and how it is achieved.
Waste management, value capturing from waste and vehicle routing for waste management is
also studied. The three objectives minimizing cost of transportation, minimizing GHG
emissions and maximizing emission saving is discussed as well as the discussion on Interactive
multi objective fuzzy programming is also studied. After in depth analysis a green supply chain
network design for random waste generation is proposed. The network is designed based on
the objectives of cost minimization of transportation, minimization of GHG emissions due to
transportation and maximizing saving of emission from waste and is then optimized using

Interactive multi-objective fuzzy programming technique.
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Chapter 3: Development of Mathematical Model

Following chapter is about development of the mathematical model after the description
of the problem. The detailed description of the mathematical model is done and problem is

explained.

3.1 Problem Description

A mathematical model is proposed for designing a supply chain network for waste
management under the consideration of multiple objectives. The mathematical model is solved
using the three objectives of minimizing cost of transportation of waste, minimizing GHG
emissions of the transportation process and minimizing GHG emission from waste by taking
waste segregation ratios for respective waste management activities. The most important goal
of this research is to propose a supply chain network for waste management which will help in
taking decisions based on (1) segregation of waste, (2) Fuel consumption rate of vehicles and
(3) number of vehicles required for the whole process of transferring the waste. Figure 3.1

shows generic waste management supply chain.

Waste Generation Waste Collection Landfill

Figure 3-1:Generic Supply Chain of Waste Management

The multi-objective model proposed for designing a supply chain network for a sustainable
supply chain for waste is multi period model for waste collection and segregation. The model
proposed in this research includes multi tiers, which include waste collection sites, vehicle
depots, sortation centers, recycling centers, incineration centers and landfill. Figure 2 shows
the generic structure of waste management supply chain. A waste management supply chain
starts from vehicle depot sites from where vehicles move towards waste collection sites. Waste
collected is moved toward sortation centers where waste is sorted in different categories and

then waste is moved towards the respected activity associated with the waste type. These
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activities include recycling of waste, incineration of different types of waste and moving the

remaining waste to landfill.

The supply chain considered in this research has no consideration for vehicles or road
conditions, which usually effects the fuel consumption rate of vehicles and in result effects the
cost and GHG emissions of vehicle. Waste segregation ratios has been defined to calculate the
GHG emissions saved by waste segregation. For analysis purpose, a constant amount of GHG
from waste during different activities is considered. Due to random generation of waste number

of vehicles moving towards waste collection points is considered variable.

3.2 Model Assumptions

e Waste generated at collection points is random and known.

e Waste collection vehicles are homogenous.

e Empty vehicles move from vehicle depot i to waste collection sites j.

e Vehicles will move with load capacity based on volume of waste from waste sites j to
sortation center k.

e Vehicle can only visit one site at a time.

e Constant GHG emissions are considered for type of waste in each activity to calculate
the GHG emissions.
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3.3 Notations

Table 3-1: Sets for the mathematical model

Vehicle Depot i=123,..,1
j Waste Collection point i=12,3..,3
k Sortation center k=123,..,K
I Recycling center 1=1,23,...,L
m Incineration center m=123,..,. M
n Landfill n=123,...,N
t Time period t=12,3..T

Table 3-2: Decision Variables for the mathematical model

Qq Quantity of waste at moving from sortation center K to recycling center | in
time period t (kg)

Q. Quantity of waste at moving from sortation center K to incineration center m
in time period t (kg)

M Quantity of waste at moving from sortation center k to landfill n in time

period t (kg)

Xitj No of vehicles moving from vehicle depots i to wastes sites ] in time period
t

x;k No of vehicles moving from waste sites j to sortation centers K in time
period t

Xy No of vehicles moving from sortation center Kk to recycling center lin time
period t

X! No of vehicles moving from sortation center Kk to incineration centers min

time period t
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No of vehicles moving from sortation center k to landfill nin time period t

If vehicle v is moved from vehicle depots then 1, otherwise 0

Table 3-3: Parameters for mathematical model

dij Distance between nodes 1and j, where i=12,3...,1 and j=1,2,3,...,J
(km)

djk Distance between nodes jand k, where j=1,2,3,...,J and k=1,2,3,...,K
(km)

dy Distance between node kand I, where k=1,2,3,....Kand 1=12,3,....L
(km)

dy, Distance between node k and m, where k =1,2,3,...., K and m=1,2,3,.... M
(km)

d,, Distance between node kand n, where k=1,2,3,....Kand n=1,2,3,...,N
(km)

F Fixed cost of vehicle selection (PKR)

Qt- Amount of waste discharged at node j in time period t, where j=1,2,3,...,J

j

(kg)

C, Maximum capacity of vehicle, where v=1,2,3,..V (kQ)

C, Maximum capacity of sortation center node k, where k =1,2,3,...,K (kg)

C, Maximum capacity of Recycling center at node |, where 1=1,2,3,...,L (kg)

C., Maximum capacity of incineration center at node m, where m=1,2,3,..., M
(kg)

C, Maximum capacity of Landfill at node n, where n=1,2,3,...,N (kg)
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e Emission coefficient of Vehicles (kgCO, / L)

a Avoided emission due to secondary material usage/ recycle at node f , where
f=123,..F (kg)

B Avoided emissions due to incineration at node f, where f =1,2,3,...F (kg)

A Emission due to landfilling at node f, where f =1,2,3,..F (kQ)

a Fuel consumption rate per unit distance with empty vehicle (L / km)

b Fuel consumption rate per unit distance at full load (L / km)

@ Percentage of segregated waste that should move towards Recycling center

£ Percentage of segregated waste that should move towards Incineration Center

0] Percentage of segregated waste that should move towards Landfill

Vv Number of vehicles available

3.4 Mathematical Model
The following chapter consists of mathematical model in this study. All objectives are

explained and discussed in detail.

3.4.1 Objective 1: Minimize cost of Transportation of waste
To find the cost incurred in transportation process of waste collection and transportation total
distance traveled by vehicles in between all nodes is multiply by the fuel consumption rates of
vehicles and fuel price. Cost of vehicle selection is also added.

Equation (3.1) shows the initial equation for cost minimization of transportation of
waste management supply chain. It includes two parts i.e., (1) Cost of selection of vehicle and
(2) cost of transportation of waste between all nodes. Total nodes in the problem statement are

four.
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k=1 I=1 k=1 m=1

D> Xy xbx pxdknJ

n=

(3.1)

Objective function (MinTC) i.e., equation (3.1) explain the cost of transportation of waste from
vehicle depots i to waste management facilities i.e., recycling centers, incineration centers and
landfill. This process also includes waste sites j and sortation centers k . Full vehicle load as
volume capacity is assumed in transportation of waste. The cost of petrol p is included. Fuel

consumption rates at empty vehicle and full load capacity are included as well.
i) Cost of transportation between vehicle depot and waste collection centers
The cost incurred when vehicles move from vehicle depots i to waste sites ] .It include fuel

consumption rate of vehicle at carried load b, price of fuel p, distance between nodes dj
and number of vehicles moving from vehicle depots to waste sites X; . Number of vehicles

moving depends on amount of waste collected at wastes sites j .Equation (3.2) shows the cost

of transportation between vehicle depot i and waste collection centers j .

:(iixaxax pxdij} 3.2

i=1 j=1

il) Cost of transportation between waste collection centers and sortation center

The cost incurred when vehicles moves from waste sites | to sortation center K after collecting

waste include fuel consumption rate of vehicle at empty load a, price of fuel p, distance
between nodes d;and number of vehicles moving from waste sites to sortation center X;,

Equation (3.3) shows the cost of transportation between and waste sites ] to sortation center

k.

3
(szgkxbx pxdjk) (3.3)
=l

k=1

22



3.4.1.3 Cost of vehicle selection

The fixed cost of vehicle selection is included by fixed cost of vehicle selection F multiplied
by binary variable of vehicle selection Y;. Equation (3.4) shows cost of vehicle selection at

node i.
|
¢/ =) Y,xF (3.4)
i=1

iii) Cost of transportation between sortation center and recycling center
The cost incurred when vehicles moves from sortation center k to recycling center | after

sortation of waste include fuel consumption rate of vehicle at load b , price of fuel p, distance
between nodes d, and number of vehicles moving from sortation center to recycling center
X,, - Equation (3.5) shows the cost of transportation between sortation centers k to recycling
centers | .

K L

Cu :(kZZXLXbX demj (3.5)

1 L=1

iv) Cost of transportation between sortation center and incineration center
The cost incurred when vehicles moves from sortation center k to incineration center m after

sortation of waste. It includes fuel consumption rate of vehicle at load b, price of fuel p,
distance between nodes d,,and number of vehicles moving from sortation center to
incineration center X, . Equation (3.6) shows the cost of transportation between sortation
center K to incineration center m.

K M
Cern =£ZZ X, XD x pxdka (3.6)

k=1 m=1

v) Cost of transportation between sortation center and incineration center
The cost incurred when vehicles moves from sortation center k to landfill n after sortation of

waste. It includes fuel consumption rate of vehicle at load b , price of fuel p, distance between
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nodes d,, and number of vehicles moving from sortation center to landfill X;, . Equation (3.7)

shows the cost of transportation between sortation center k to landfill n.

K N
Ckn{ZZX&nxbx pxdkn] (3.7)
k=1 n=1

3.4.2 Objective 2: Minimize the GHG emission from the vehicle used in the transportation
process

A report published by Ministry of Land, Infrastructure, Transport and tourism of Japan showed
relationship between distance traveled per Liter by vehicle and it’s weight as shown by
following figure, stating that the distance traveled per volume unit of fuel used is strongly

correlated to the vehicle’s gross weight”(Xiao et al., 2012).
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Figure 3-3:Data on Vehicles' running Distance per liter to their weights

Following figure 5 is derived from figure 4 and shows FCR dependent on weight of vehicle.
X-coordinate shows the weight of vehicle in kg and Y-coordinate shows the Fuel consumption

rate in L/Km.
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Figure 3-4:FCR Vs Combination of weight of vehicle and Load on it
For calculating GHG emissions first we calculated FCR (Fuel Consumption Rate) using linear
regression. R? is a statistical measure with a value between 0 and 1 showing how well a
regression line approximates real data points. With higher value of R-squared generally
implying better predicted results and having R?=0.985 shows that there is linear relationship

between FCR (Fuel Consumption Rate) and Vehicle’s Gross Weight.

By using, following linear regression equation (1) we will calculate the FCR (Fuel

Consumption Rate) of a vehicle.
y=ax+Db (1)

In this equation y represents the dependent variable as x represents the independent variable,
a represents the slope and b represents intercept. Without losing generalization, we divide
vehicle’s gross weight in two parts i.e., Qo and Qu, that represents vehicle’s weight with no
load and carried load respectively. By putting these values, we get the equation (2) for FCR

(Fuel Consumption Rate) of carried load.

pQ)=a(Q +Q)+b @)

By defining the maximum weight, the vehicle can carry often referred as maximum capacity
of vehicle Cy, full load FCR (Fuel Consumption Rate) as p~ and no load FCR (Fuel

Consumption Rate) as po, we get equations (3) and (4) as follows.
0, =aQ, +b (©)
p =a(Q,+C,)+b (4)
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By solving equations (3) and (4) we will get the value for slope a, that is as follows in

equation (5).

a= (5)

Now putting this value of a in equation (2), we will get the FCR (Fuel Consumption Rate) for

Q.. This is defined as shown in following equation (6).

P (;po QL

v

p(QL) =Pt (6)
In this model, we have used this equation to calculate the GHG (Green House Gas) emissions
of transportation as shown in the following equation of mathematical model (3.8).

ii(xt xd;)xa+ (b XQL}{ii(X}k xd;)xa+ (bga)xQLJ+

i=1 j=1 V j=1 k=1 v

ZL:( X} xd,)xa+ (b(;a)XQLJ—F[ii(XIﬁdekm)Xa-{_ (b(;a)xQL}L

| v v

MinGHG =e¢

VLV

i(x;nxdkn)xaﬂbc‘a)xq]

1 n=1 %

=
Il

(3.8)

Objective Function (MinGHG) i.e., equation (3.8) explain GHG emissions from vehicles in
transportation process of waste. Quantity of waste moving towards at waste sites |, sortation
centers k and waste management facilities I, mand Ni.e., recycling center, incineration center

and landfill, is direct related to GHG emissions. Equation (3.8) shows the relationship between

distance (d), fuel consumption rate of vehicles at full load (b) and no-load (a), maximum
load carried by vehicle Q,_, maximum load a vehicle can carry (C,)and no. of vehicle moving

from one node to other (X). Emission coefficient € is multiplied to get the value of GHG in

Kg.
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i) GHG emissions of vehicle from Vehicle Depots i to Waste Sites j
The GHG emissions emitted from vehicles during transportation process when vehicles

move from vehicle depot ito waste sites ] is calculated by equation. The equation (3.9) take

number of vehicles (Xij.) , distance between nodes (d;), fuel consumption rate of vehicles at
full load (b) and no-load (a), maximum load carried by vehicle Q, and maximum load a

vehicle can carry (C,).

i=1 j=1 v

G, :(ii(xitjxdij)xa_"@XQLj (3.9)

i) GHG emissions of vehicle from Waste Sites j to Sortation Center k
The GHG emissions emitted from vehicles during transportation process when vehicles move

from waste sites jto sortation center K is calculated by equation. The equation (3.10) take

number of vehicles (X }k) , distance between nodes (d,, ) , fuel consumption rate of vehicles at
full load (b) and no-load (a), maximum load carried by vehicle Q, and maximum load a
vehicle can carry (C,).

J K b —a
ij:(ZZ(XEkdek)xa“‘—( C )XQLJ (3.10)
k=

j=1 k=1 v

iii) GHG emissions of vehicle from Sortation Center k to recycling center |
The GHG emissions emitted from vehicles during transportation process when vehicles move

from sortation center k to recycling center | is calculated by equation. The equation (3.11)

take number of vehicles (X,,), distance between nodes (d,;), fuel consumption rate of vehicles
at full load (b) and no-load (a), maximum load carried by vehicle Q, and maximum load a

vehicle can carry (C,).

e (b—a)
G, = ZZ(Xklxdkl)xa+ c xQ, (3.11)
k=1 1=1 v

iv) GHG emissions of vehicle from Sortation Center k to incineration center m

The GHG emissions emitted from vehicles during transportation process when vehicles move

from sortation center k to incineration center M is calculated by equation. The equation (3.12)
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take number of vehicles (X,,), distance between nodes (d,;), fuel consumption rate of vehicles
at full load (b) and no-load (a), maximum load carried by vehicle Q, and maximum load a

vehicle can carry (C,).

G =[Zi(xﬁm><dkm)><a+ (bga)XQLj (3.12)

k=1 m=1 v

v) GHG emissions of vehicle from Sortation Center k to landfill n
The GHG emissions emitted from vehicles during transportation process when vehicles move

from sortation center k to landfill n is calculated by equation. The equation (3.13) take

number of vehicles (X,,), distance between nodes (d,;), fuel consumption rate of vehicles at
full load (b) and no-load (a), maximum load carried by vehicle Q, and maximum load a

vehicle can carry (C,).

AP (b-a)
Gkn = ZZ(anxdkn)xa+ ><(QL (3'13)
k=1 n=1 CV
3.4.3 Objective 3: Maximize saving Emissions from waste management activities
K L K M K N
MaxEl = (Y73 < Q) — (XD A x Q) ~ (X A Q) (3.14)
k=1 1=1 k=1 m=1 k=1 n=1

Objective Function (MinEl)i.e., equation (3.14) calculates the effect of waste management

activities on environment. CO2 emissions saved by recycling and incineration can minimize the
effect of emissions from landfills. Segregation of waste is most important factor in this
objective. Communities can make standard operating procedure for waste segregation to
minimize the effect of waste on environment. This objective function only calculates effect in
terms of atmosphere but significant decrease in land pollution can also be seen by proper waste

management activities.

3.4.4 Constraints for Mathematical Model
This section explains the constraint of the mathematical model and their conditions. All

the constraints are discussed in detail.
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3.4.4.1 Demand Constraint

1) Required Number of vehicles to move towards waste sites j

t

J
DX 2 Vi, vt (3.15)

j=1

Equation (3.15) calculates required number of vehicles at waste sites j by dividing known
value of waste collected by capacity of a vehicle. Quantity of waste collected at j very in every

time period.

ii) Required Number of vehicles to move towards Sortation Center k

Z Xt ’k vj, vt (3.16)

V

Equation (3.16) calculates number of vehicles moving from wastes sites j to sortation center

k by dividing Waste collected by vehicles capacity. Number of vehicles moving from vehicle

depots ito waste sites j will all move towards sortation center K .

iii) Required Number of vehicles to move towards Recycling Center |
Equation (3.17) calculates required number of vehicles at recycling facilityl by dividing

kl [ y .

iv) Required Number of vehicles to move towards Incineration Center m

Equation (3.18) calculates required number of vehicles moving towards incineration center m

by dividing quantity of waste segregated for incineration center by capacity of a vehicle.

Z X\ o> ka vk, vt (3.18)

V

v) Required Number of vehicles to move towards Incineration Center N
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Equation (3.19) calculates required number of vehicles moving towards landfill N by dividing

quantity of waste segregated for landfill by capacity of a vehicle.

N Qt
D Xz vk, vt (3.19)
n=1

kn—C

Vv

3.4.4.2 Supply Constraint of vehicles
Equation (3.20) calculates the number of vehicles available at vehicle depots i. Number of

vehicles available at node ishould be greater than or equal to vehicles required at waste sites

j.
J
DX =Y, xV Vi, vt (3.20)
j=L

3.4.4.3 Transshipment Constraints of waste
Equation (3.21) shows that full Quantity of waste (Q}) moving from node | (waste sites)

should be transferred to node k (sortation centers).
t < t
Qj :Zij V), Vit (3.21)
k=1

Equation (3.22) shows that quantity moved to waste management facilities i.e., recycling

centers (Q,,), incineration centers (Q,,,) and landfill (Q;,)should be equal or less than to the

quantity of waste sorted at node k (Qj).

J L M N
D Qi =>Qu+>.Qn+D.Q, Vk,Vt (3.22)
j=1 I=1 m=1 n=1

3.4.4.4 Percentage of Waste Sortation
Equations (3.23), (3.24) and (3.25) calculates the quantity of waste distributed after

sortation. ¢ shows the percentage of waste moving towards recycling center. After sortation

of waste maximum amount of waste should be moved to recycling. Recycling the waste save
emissions that will otherwise go into environment and will cause air pollution as well as land
pollution. Incineration of waste is also done for different materials such as paper and glass.
Landfilling should only be used for the materials which cannot be recycled and which will

cause more harm if incinerated and emit harmful gasses.
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L J
D Q=D Qixe kWi (3.23)
-1 -1

M J

D Qn<D Qixe Vk,Vi (3.24)
m=1 j=1

N J

D Qu=D Qpxo VKVt (3.25)
n=1 j=1

3.4.4.5 Capacity of sortation center
Equation (3.26) describes that quantity of waste arriving at sortation center at node k (Q}k)

should be less than or equal to capacity of sortation center (C, ) at node K .
J
> Qi <C, vk, vt (3.26)
j=1

3.4.4.6 Capacity constraint of facilities
Equations (3.27), (3.28) and (3.29) define the capacity constraints of waste management

facilities at nodes I,mand n. All waste supplied from sortation centers to different facilities
i.e., Q. Q;,and Q,, should be less than the capacity of the facilities i.e., capacity of recycling

center C,, capacity of incineration center C_ and capacity of landfill C,.

K
D Qq <C, VI, vt (3.27)
k=1
K
> Qm<C, VmWt (3.28)
k=1
K
> Q. <C, vnWt (3.29)
k=1
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3.4.4.7 Types of variables

Y, €{0,1) (3.30)

Xijs X Xigr Xims Xior Qs Qs Qs Qn 20 (3.31)

Equation (3.30) shows that Y, is a binary variable. It represents selection of vehicle. Its value

should be either 0 or 1. Equation (3.31) shows that all other variables should be non-negative.

3.5 Summary of the chapter

In this chapter a multi-objective mathematical model is designed for a green supply
chain network design for waste management. The proposed mathematical model takes into
consideration (1) waste collected at waste sites, (2) capacity of vehicles, (3) capacity of waste
management facilities, (4) waste segregation ratios and (5) emission from waste. The
mathematical model has three objective functions, i.e., (1) Minimization of cost of
transportation, (2) Minimization of GHG emissions from transportation and (3) Maximizing
Emission saving from waste management activities. The objective function minimization of
transportation cost constitutes of (1) cost of vehicle selection and (2) cost of transportation of
waste to all nodes. The second objective minimization of GHG emission due to transportation
constitutes of vehicle fuel consumption rates and weight of waste vehicle carries. The third
objective of maximizing saving emissions from waste management activities constitutes of
three parts i.e., (1) emissions saved due to recycling center, (2) emissions due to incineration
and (3) emissions that will occur due to landfill. In this objective segregation of waste is also
an important part. Recycling more waste will save more emissions. All three objectives are
solved under demand constraint of vehicles, supply constraint of waste, capacity constraint of

vehicles as well as facilities and segregation constraint of waste.

32



Chapter 4: Case Study

According to recent estimates, Pakistan generates 30 million metric tons of municipal
solid waste (MSW) per year. Furthermore, fast population expansion, urbanization, and
economic development are expected to result in a significant increase in the coming years.
Around half of the waste created is collected. However, the rate varies by location, ranging
from 80% in larger cities to 0% in most rural areas (Mihai and Grozavu 2019). In terms of trash
disposal, managed landfill sites are nearly non-existent. Typically, urban waste is left
uncollected or dumped on open land. Pakistan urgently requires a waste road map for
policymakers in order to achieve progress towards better health for its people, minimize
contamination of land and water sources, more efficiently measure greenhouse gas (GHG)

emissions, and improve aesthetics.

The country's present municipal waste management system is far from ideal.
Municipalities offer the majority of the services, which are limited to partial collection and
open dumping or burning. Here is a snapshot to serve as a baseline for the development of the
road map and a more sustainable system. There has been no accurate national study to quantify
the total amount of garbage generated in the country, although estimates collected from various

sources are provided in figure 4-1.

Waste Quantity
Generated CollectedTransported Treated Disposed of

Settlement  Daily (kg per capita ~ Yearly (million metric (% of waste
Area per day) tons per year) generated)
Large Cities
(11) 0.55 9.44 80 20 80-100
Medium sized
and samall
cities 0.42 4.44 50-70 10 90-100
Rural
communities 0.33 13.72 20 20 80-100
Total 27.58

Figure 4-1: Waste Generation, Treatment and Disposal Estimates of Pakistan
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4.1 Saaf Suthra Sheher

A real time case study of saaf suthra sheher, a waste management initiative is used to
analyze the proposed mathematical model for the supply chain network design for sustainable
waste management. Saaf Suthra Sheher is a privately-owned company which has contracts with
hospitals, hotels, home owners and society owners in Islamabad. Company pays the partners
for waste by rate of per kg. The partners are trained for waste segregations. Basic waste that is
collected from partners are segregated into three parts i.e., paper, plastic and glass. This waste

is segregated into 25-30 categories in the sortation center of the company.

Some parameter values are taken from the existing literature and published sources.
The numerical example is based on the case of saaf suthra sheher. The research is being
conducted at a medium level with the consideration one vehicle depot, five waste collection
centers, one sortation center, one recycling center, one incineration center and one landfill. This
initiative is based in Islamabad and the centers of recycling and incineration and landfill in
Rawalpindi. Figure 6 shows the supply chain network of saaf suthra sheher in Islamabad,
Pakistan. The waste is collected from different sectors of Islamabad. The sectors taken in this
research are F11, 18, G13 and F7. Waste is collected from these sectors where residents have
sorted waste into three basic categories i.e., paper, plastic and glass. Vehicles are moved from
vehicle depot centers after estimating the waste generated and then taken to sortation center. In
sortation center waste is categorized in more categories and sorted. This waste is then moved

towards different recycling center, incineration center or landfill.

The municipal waste has food waste in too but saaf suthra sheher does not take that. Its
only focus is on recyclables. Some part of waste i.e., paper waste is taken into incineration
center where it is used for energy purpose. Some of the waste is upcycled, and recycled and
only a small part is taken to landfill. For research purpose we have taken into consideration
only five areas of Islamabad. The vehicles that are being used for transporting the waste is
Hyundai Shehzore Porter H-100. The payload capacity of vehicle is 1000 kgs (Automotive,
2021) and its fuel efficiency is 8 kilometers per liter (Fairwheels, 2021). The fuel type used in
Hyundai Shehzore Porter H-100 is diesel and its price considered in the numerical example is
PKR 272 per liter as of 2" April, 2023.

The basic categories of waste that are collected is paper, plastic, metal, glass and tetra
packs. This is further segregated into various categories to supply to different factories for

recycling. Mixed waste is not accepted i.e., recycling waste with food and wet waste. The
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collected waste is further segregated into 25-30 categories. The recyclables are supplied to
factories that process them for recycling. For example, Paper is recycled into boxboard, plastic
into polyester Fiber and pellets, Tetra Paks into corrugated roofing material. Metal and glass
and recycled back into the same materials.

Following snapshot in figure 4-1 shows the supply chain network map of the company.
Vehicle depots and sortation center is at Bahria Enclave and waste sites are in Islamabad. The
waste sites are F11, 18, G13 and F7. The recycling center, incineration center and landfill are
in Rawalpindi. Vehicles move from vehicle depots at Bahria Enclave to waste sites at
Islamabad that are F11, 18, G13 and F7. After collecting waste from waste sites, the vehicles
move towards sortation center for sortation of waste that is located at Bahria Enclave as well.
After the waste is sorted according to categories, vehicles are loaded and then move towards
the facilities accordingly that is recycling center, incineration center and landfill. Following

tables show the distances between all the nodes in Supply Chain of Saaf Suthra Sheher.

Table 4-1: Distance matrix between Vehicle Depots and Waste Sites (Km)

Name F11 18 G13 F7
Vehicle Depot 1 31 21.8 34.7 24
Vehicle Depot 2 33 23.8 36.7 26

This table 4-1 represents the details of distances between vehicle depots and the waste
collection sites that are taken in this research. The distances are shown in km. These distances
are between vehicle depots that are situated are Bahria Enclave and Waste sites F11, 18, G13
and F7.

Table 4-2: Distance matrix between Waste Sites and Sortation Center (Km)

Name Sortation Center
F11 31

18 21.8

G13 34.7

F7 24

The table 4-2 represents the distance between waste sites and sortation centers. The
distances are taken in km. The waste sites are F11, 18, G13 and F7 situated in Islamabad and
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sortation center is situated in Bahria Enclave. The waste is collected from the respective waste
site and it is moved towards the sortation center. The waste is usually taken in form of five
categories. The following table 7 shows the categories of waste that is collected from waste
sites. Waste is moved towards sortation center and at sortation center it is sorted into 20-25

more categories.

Table 4-3: Category of Waste Collected

Category Type
Category 1 Paper
Category 2 Plastic
Category 3 Metal
Category 4 Glass
Category 5 Tetra Pack

When the waste is collected and moved towards sortation center, the collected waste is
sorted more in to 20-25 categories and moved towards the respective facilities. The facilities
are recycling center, incineration center and landfill. The following table 8 shows the distance
between sortation center and respective facilities (recycling center, incineration center and
landfill).

Table 4-4: Distance matrix between Sortation Center and Facilities (km)

Name Recycling Center Incineration Landfill
Center
Sortation Center 39 42 44

The company has contract with the household owners, society owners and hostel
owners. The waste is collected and sorted afterward it is sold to recycling center and
incineration center. The company is using 25 vehicles for the overall process and it’s cost for
six time periods had been up to PKR 900,000.
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4.2 Summary of the chapter

In this chapter the case study of Saaf Suthra Sheher is explained in terms of the
respected research. The distances between every node is mentioned in tables. The case study
explains the type of waste and waste management activities. The waste management activities
are explained and sortation of waste is elaborated for the waste management system. It’s a real-
life example of waste management supply chain and analysis of cost, GHG emissions and

emissions saving is done through Interactive Multi-Objective Fuzzy Programming.

The case study will help us in understanding the results and implication of the
mathematical model and will help in understanding the future recommendations and

implementation of its and suggestions to make the supply chain more sustainable.
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Chapter 5: Research Methodology

5.1 Interactive Fuzzy multi-objective Optimization

For the multi-objective model designed in the research for waste management supply
chain, the coding is done on MATLAB 2022a. The coding for the designed model is done using
the problem-based coding technique on MATLAB, for three objectives and various constraints.
The three objectives of the proposed model include: (1) Cost minimization of Transportation
of Waste, (2) Minimization of GHG emissions from transportation, and (3) Saving Emissions
Maximization. The supply chain network design for waste management in this research is a
multi-objective model and, on such models, various multi-objective techniques have been
applied (Ahmadini et al., 2021). Due to inclusion of multi objectives and constraints in
mathematical to objective functions that are also optimal, chance of inaccuracy of value given
by decision maker is high, and uncertainty should be incorporated in the model to minimize

the level of inaccuracy in the values (Abdelfattah, 2021).

As shown in figure 8, the flowchart of steps involved in interactive fuzzy programming.
By following steps for interactive fuzzy programming in the flowchart, the designed multi-
objective supply chain for waste management is optimized. The supply chain network designed
for waste management is based on three objectives of cost minimization, GHG minimization
and maximization of saved emissions. The proposed multi-objective model for waste
management is optimized using interactive fuzzy programming. In the first step of IFP the
decision variables, constraints and objectives are expressed using fuzzy sets and fuzzy
relationships. In next step membership functions and fuzzy rules are applied then to define the

relationship between decision variables and objectives.

Defuzzification of fuzzy objectives is done to make crisp objectives and formulating of
fuzzy objectives and constraints as mathematical programming problem is done. Each
objective function is optimized as single objective problem. Positive Ideal solution and
Negative Ideal solution for each objective function is defined. Membership Functions are
defined. Multi objective Mixed Integer linear programing is converted into Mixed integer
Linear Programming and it is solved. Convergence and optimization of results is done based
on decision maker’s feedback and iterations are performed until decision maker gets

satisfactory results and convergence criteria is met.
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In stating of the methodology, the conventional multi-objective optimization model is
constructed and additional constraints are built. The next step calculated the minimum and
maximum value of every objective function. Then fuzzy multi-objective optimization model is
formulated and weights of coefficients are selected and assigned. After this the interactive

process is started.

In the interactive process, new weighting coefficients are assigned and fuzzy
optimization model is solved using suitable algorithm. The collaborative sensitive analysis is
done and it is tested that the satisfaction level and collaborative sensitivity degree meet the
designer’s preference. If not, then new design preference is set and new threshold value is set.
In this process new weights are assigned and the process is repeated till the results satisfy the

designer.

5.2 Numerical Example

A numerical example of Saaf Suthra Sheher is considered to analyze the proposed
mathematical model for green supply chain network design for waste management. The
parameter values for analysis purpose are taken from literature, published sources as well as
real scenarios. The numerical example is based on the case of a saaf suthra sheher. The research
is conducted at a medium level with consideration of having two vehicle depots, four waste
sites, one sortation center and one recycling center. Figure 8 shows the supply chain network
for saaf suthra sheher taken in this study. The locations of vehicle depots, waste sites, sortation
center, recycling center, incineration center and landfill are known and fixed. The waste sites

are responsible for waste generation demand.

Vehicles move from vehicle depots and collect waste from waste sites and take it into
sortation center. After sorting of waste vehicles carry waste to respective waste management
facilities. Hence, cost of transportation will be incurred between all nodes. GHG emission of
transportation is also incurred between all nodes due to waste transportation. The recycling
center is responsible for recycling of waste, incineration center takes paper waste mostly for

incineration and remaining waste is dumped in landfill.

Some parameter values are taken from the existing literature and published sources.
The numerical example is based on the case of saaf suthra sheher. The research is being
conducted at a medium level with the consideration one vehicle depot, five waste collection
centers, one sortation center, one recycling center, one incineration center and one landfill. This

initiative is based in Islamabad and the centers of recycling and incineration and landfill in
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Rawalpindi. Figure 6 shows the supply chain network of saaf suthra sheher in Islamabad,
Pakistan. The waste is collected from different sectors of Islamabad. The sectors taken in this
research are F11, 18, G13 and F7. Waste is collected from these sectors where residents have
sorted waste into three basic categories i.e., paper, plastic and glass. Vehicles are moved from
vehicle depot centers after estimating the waste generated and then taken to sortation center. In
sortation center waste is categorized in more categories and sorted. This waste is then moved

towards different recycling center, incineration center or landfill.

5.3 Summary of the chapter

This chapter explains the methodology used in this research and its application of the
proposed Multi objective model and case study of Saff Suthra Sheher. The methodology will

help us in understanding the results and help us in analysis of different scenarios.
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Chapter 6: Results and Discussion

Following chapter includes the analysis of the results and different scenarios. The

optimal solutions and different scenarios are compared and discussed.

6.1 Results and Discussion

The multi-objective mathematical model proposed for designing a sustainable supply
chain network for waste transportation and management has been solved using MATLAB
R2022a coding tool on a personal laptop with specifications of Intel(R) Core (TM) i5-7300U
CPU @ 2.60GHz 2.70 GHz and 8GB RAM and was then optimized using the Interactive
Fuzzy programming for optimization. The model is solved for two vehicle depots, four waste
sites, two sortation centers, two recycling centers, one incineration centers and one landfill.
The model is solved for total three objective functions, X constraints and Y decision variables.
Model is solved using collected data and optimal values for (1) minimization of cost of
transportation, (2) minimization GHG of transportation process and (3) and minimization of
effect of waste management activities. The model is also solved using Goal Programming and

results are compared.

6.1.1 Optimal number of vehicles for waste transportation

Two vehicle depots located in Bahria Enclave, Islamabad are responsible for providing
vehicles for the transportation of waste from four waste sites located in Islamabad Capital
Territory. These areas are F11, 18, G13 and F7. The houses which have signed the contract gets
the waste in designed categories and the waste is recorded and the amount of waste generated
there is usually a constant amount. The vehicles can carry 50 kgs by volume by mass ratio.
They vehicles need to move according to amount of waste calculated. Following table 6-1
shows number of vehicles moving to each waste sites from vehicle depots. The model has

reduced the number of required vehicles from 25 to 16.
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Table 6-1:No. of vehicles moving from Vehicle Depots i to Waste sites j

Xij Time Period=1
Waste Site 1 Waste Site 2 Waste Site 3 Waste Site 4
Vehicle Depot1l 4 0 0 4
Vehicle Depot2 0 5 3 0
Time Period =2
Waste Site 1 Waste Site 2 Waste Site 3 Waste Site 4
Vehicle Depot1l 4 0 0 4
Vehicle Depot2 0 5 3 0
Time Period =3
Waste Site 1 Waste Site 2 Waste Site 3 Waste Site 4
Vehicle Depot1l 4 0 0 4
Vehicle Depot2 0 5 3 0
Time Period =4
Waste Site 1 Waste Site 2 Waste Site 3 Waste Site 4
Vehicle Depot1l 4 0 0 4
Vehicle Depot2 0 5 3 0
Time Period =5
Waste Site 1 Waste Site 2 Waste Site 3 Waste Site 4
Vehicle Depot1 4 0 0 4
Vehicle Depot2 0 5 3 0
Time Period =6
Waste Site 1 Waste Site 2 Waste Site 3 Waste Site 4
Vehicle Depotl 4 0 0 4
Vehicle Depot2 0 5 3 0

Vehicles that moves from vehicle depots i to waste sites j collect the waste and move

to sortation center K to get the waste sorted. The waste sites are located at F11, 18, G13 and
F7. The vehicle depots and sortation center are located in Bahria Enclave. The company has
contract with house owners, hotel owner and society owners. The waste is collected from waste

sites once a week and the society owners, house owners or hotel owners inform company about
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the weight and volume of collected waste. So, the optimal quantity of vehicles that are moving

from vehicle depots to waste sites depends on the collected quantity of waste.

Vehicle depot 1 is providing vehicles for waste sites 1 and 4, that are F11 and F7.
Vehicle depot 2 is providing vehicles for waste sites 2 and 3, that are 18 and G13. This happens
in every time period. Collected waste is moved back after the vehicles are loaded and this waste
in unloaded in sortation center. The sortation center is located in Bahria Enclave. Following
table shows the number of vehicles moving toward the waste sortation center. It’s the same

vehicles that moved to the waste sites.

Table 6-2: No. of vehicles moving from Waste sites to Sortation center

Xk Sortation Center
Time Time Time Time Time Time
Period=1 Period=2 Period=3 Period=4 Period=5 Period =6
Waste Site 1 4 4 4 4 4 4
Waste Site 2 5 5 5 5 5 5
Waste Site 2 3 3 3 3 3 3
Waste Site 4 4 4 4 4 4 4

When the waste is sorted the waste is moved into three more sites that are recycling
centers, incineration center and Recycling center. Location of recycling center is Heryali
Center TMA Rawalpindi, location of incineration center is National Cleaner Production Center,
H34H+GMC, Morgah, Rawalpindi and location of landfill is Landfill RWMC, F5GW+PCG,
Losar Chakbeli Khan Road, Rawalpindi, Islamabad Capital Territory.

The waste is moved from sortation center k towards recycling center |, incineration
center m and landfill n after sortation. The waste is sorted according to the required percentage
and measured. Hence the optimal number of vehicles are moved towards the respective facility
that are recycling center, incineration center and landfill. Following tables shows the number
of vehicles moving from sortation center to respective facilities (recycling center, incineration

center and landfill).
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Table 6-3: No of vehicles moving from Sortation Center to Recycling Center

Xkl Recycling Center

Time Period =1
Time Period =2
Time Period =3
Time Period =4
Time Period =5

Time Period =6

Sortation Center

© ©O© ©O© ©O© O ©

Table 6-4: No. of vehicles moving from Sortation center to Incineration center

ka Incineration Center
Time Period =1 4
Time Period =2 4
) Time Period =3 4
Sortation Center ) ]
Time Period =4 4
Time Period =5 4
Time Period =6 4

Table 6-5: No of Vehicles moving from sortation center to Landfill

X Landfill

Time Period =1

Time Period =2

) Time Period =3
Sortation Center

Time Period =4

Time Period =5

W W W W w w

Time Period =6

Figure 6-1 shows the flow chart of optimal number of vehicles selected.
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6.1.2 Optimal Waste Quantities for Waste Management Activities

Quantity of waste collected at waste sites | is known and all the waste is moved

towards sortation center K after sorting it into categories. The quantity of waste that is
considered in the case study is taken in kgs. The vehicles take waste according to designated
weight of the vehicle and transfer into sortation center. The five categories are sorted into 20-
25 categories and moved towards the designated facilities. Quantity of waste moved towards

sortation center from waste sites are shown in following table in respective time period.

Table 6-6: Quantity of waste moving from Waste Sites to Sortation center in kg

Qi Sortation Center (k)

Time Time Time Time Time Time
§)) Period=1 Period =2 Period =3 Period =4 Period =5 Period =6
Waste Site 1 200 200 200 200 200 200
Waste Site 2 250 250 250 250 250 250
Waste Site 3 150 150 150 150 150 150
Waste Site 4 200 200 200 200 200 200

The above-mentioned waste is the approximated waste that is collected from the waste
sites. At sortation center k , waste is sorted out into three categories and it is transported to
recycling center, incineration center and landfill. Following tables show the optimal quantity

of waste that is transported after being sorted.

Table 6-7: Optimal quantity of waste moving to recycling center in kg

Qk| Recycling Center (1)
Time Period =1 450
Time Period =2 450
) Time Period =3 450
Sortation Center (k)
Time Period =4 450
Time Period =5 450
Time Period =6 450
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This waste is sorted and categorized as recyclable waste and it’s more than 50 percent
of the collected waste. The recycling waste is moved towards the Heryali recycling center
located in Rawalpindi. This value is in kgs. The company sell the waste to recycling center on
per kg rate. The following table shows the quantity of waste that is moved towards incineration

center after sortation.

Table 6-8:0Optimal quantity of waste moving towards Incineration center in kg

ka Incineration Center (m)
Time Period =1 200
Time Period =2 200
) Time Period =3 200
Sortation Center (k)
Time Period =4 200
Time Period =5 200
Time Period =6 200

This waste 1s sorted and categorized as incinerable waste and it’s less than 30 percent
of the collected waste. The incinerated waste is moved towards the Incineration center located
in Rawalpindi. This value is in kgs. The company sell the waste to incineration center on per
kg rate. The following table shows the quantity of waste that is moved towards landfill after

sortation.

Table 6-9: Optimal Quantity of waste moving towards landfill in kg

an Recycling Center (n)
Time Period =1 150
Time Period =2 150
. Time Period =3 150
Sortation Center (k)
Time Period =4 150
Time Period =5 150
Time Period =6 150

This waste is sorted and categorized as landfill waste and it’s less than 20 percent of
the collected waste. This waste is moved towards the Incineration center located in Rawalpindi.

This value is in kgs. Figure 6-2 shows the flow chart of optimal waste quantity.
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6.1.3 Cost Minimization

In the model, the cost minimization function for a waste supply chain consists of; (1)
cost of selection of vehicle and (2) cost of transportation of waste between nodes of supply
chain network. A total cost of PKR 585,670 is incurred in transporting of waste throughout
the supply network in whole six time periods. For one time period it becomes PKR 97,612,
This cost has six components. One component shows the value of maintenance cost other
components calculates the transportation cost of waste between nodes. This cost is less than

the cost that company has been facing for six time periods.

6.1.3.1 Cost incurred in Waste Supply Chain

The results are showing that a major contribution of 23.28%, PKR 136,340 is made to
the total cost value by cost incurred while vehicles moving from vehicle depots to the waste
sites in total six time periods. Cost for one time period is PKR 22,723.3. This cost can be
minimized by moving vehicle depots nearer to the waste sites. Cost of moving waste from four
waste sites towards sortation center is 23.28%, PKR 136,340 for six time periods. Cost for one
time period is PKR 22,723.3. This cost can be reduced by proper streamlined allocation of
waste, enhancing quality of roads, proper vehicle utilization and proper allocation of routes.
Cost of moving waste towards waste management facilities i.e., recycling center, incineration
center and landfill are 32.92% (PKR 192,830), 17.52% (PKR 120,600) and 12.20% (PKR
71,457). These costs are cumulative for six time periods. For single time period the costs are
PKR 32,138.3, PKR 17,100 and PKR 11,909.6 respectively for recycling center, incineration
center and landfill. Last component of cost is the cost of maintenance of vehicles. This
constitutes of 3.07% that is PKR 18,000 for six time periods. The cost of maintenance for a
single time period is PKR 3,000.

Figure 6-3 shows the graphical representation of all the costs incurred during
transportation of waste throughout supply network of waste management activities. This figure
shows the distribution in terms of six time periods. The pie chart shows the components of cost

and their contribution in cost of the supply chain of waste management.
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Cost of Transportation between
Sortation Center and
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m Cost of Transportation between
Sortation Center to Landfill
12.20%

B Maintenance Cost 3.07%

Figure 6-3: Cost incurred in Waste Transportation (PKR)

6.1.4 Minimization of Green House Gases due to Transportation

In the model, the second objective of minimization of GHG emissions is solved. The
optimal value of the function is 5,057.5 KgCOs.. Since the vehicles are not moving in their
full capacity this value will increase under full capacity but more waste will be moved, so
overall value of GHG emissions will be decreased. GHG emission when vehicle move from
vehicle depots to waste sites is 32.10% that is 1,623.43 KgCO_/L for six time periods. For
single time period the value is 270.57 KgCOz/L. These emissions can be saved by moving
vehicle depots nearer to the waste sites. GHG emissions when vehicles move towards
sortation center are 31.78% of the total emissions in the supply network i.e., 1,607.03
KgCO2/L for six time periods. GHG emissions for single time period in this node is 267.83
KgCO2/L. These emissions can be reduced by utilizing the capacity of the vehicles and
moving more waste using less vehicles. The Green House Gas Emissions while transferring
waste towards facilities that are recycling, incineration and landfill are 18.92% i.e., 956.66
KgCO2/L, 10.13% i.e., 512.13 KgCO2/L and 7.08% i.e., 357.7 KgCO-/L, respectively for six
time periods. The values for GHG of transportation for single time period in these nodes are
159.4 KgCO2/L, 85.3 KgCO2/L and 59.65 KgCO./L respectively. Following figure 11 shows
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the results of GHG emissions of transportation of supply chain of waste management. The

figure 6-4 shows the values with respect to six time periods.

B GHG of Transportation between
Vehicle depots to waste sites
32.10%

B GHG of Transportation between
Waste Sites and Sortation Center
31.78%

= GHG of Transportation between
Sortation Center to Recycling
Center 18.92%

GHG of Transportation between
Sortation Center and
Incineration Center 10.13%

B GHG of Transportation between
Sortation Center to Landfill
7.08%

Figure 6-4: GHG Emissions in Transportation Process in kg CO>

6.1.5 Maximizing emissions saving

The third objective maximizing emission saving of waste by waste management
activities is solved and recycling is assigned more than 50% of the waste and the value it saves
2970 kg CO- by recycling 450 kgs of waste. Incineration releases 1260 kg CO: by incinerating
300 kgs of waste. Landfill releases 330 kg CO2 by 50 kg of waste. So total emissions saved by
this are 1380 kg CO.. Following figure 6-5 shows the emissions caused by different waste
management activities. The total emissions saved are calculated by subtracting emissions
caused by incineration and landfill from the emissions saved by recycling.
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Figure 6-5: Emissions saved by waste management activities in kg CO2

6.2 Analysis of scenarios
The comparison of different scenarios is done in this section to study the effect of

segregation of waste.

6.2.1 When 100% waste moves to Landfill (Scenario 1)

Following table shows the result and comparison between following two conditions:

1. When 50% of waste is recycled, 30% incinerated and 20% is landfilled
2. When 100 % of waste is landfilled

Table 6-10: Comparison of first scenario

50% Recycling
30% Incineration

Scenario 20 % Landfill 100% Landfill
Cost (PKR) 585,770 298,970

GHG (kg CO») 5,057.5 5226.5
Emission Saving (kg COy) 1,140 -5,280
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Following graphs show the comparison of scenario with respect to each objective.
Figure 6-6 shows the comparison between first objective of our model that is cost of
transportation. For 50% recycling, 30% incineration and 20 % landfill the cost is PKR 585,770,
and the cost for 100% landfilling is PKR 298,970. It is less than first condition but segregation
is not being done.

Cost (PKR)
700,000.00

600,000.00
500,000.00
400,000.00
300,000.00
200,000.00

100,000.00

0.00
50% Recycling 30% 100% Landfill
Incineration 20% recycling

Figure 6-6: Comparison of cost in scenario 1

Figure 6-7 shows the comparison between second objective that is Greenhouse gas
emissions of transportation. For 50% recycling, 30% incineration and 20 % landfill the GHG
emissions are 5,057.5 kg CO3, and the Greenhouse gas emissions for 100% landfilling is 5,226
kg CO2. Landfilling causes more Greenhouse gas emissions in transportation.
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Figure 6-7: Comparison of GHG of transportation in scenario 1

Following figure 6-8 shows the comparison between the values of third objective
function that is maximizing emission savings by waste management activities. For 50%
recycling, 30% incineration and 20 % landfill the emissions saved by waste management
activities are 1,140 kg CO», and the emissions emitted in environment by 100% landfilling are
5,280 kg CO..

Emission Savings (kg CO2)
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-1000 Incineration 20% recycling

-2000

-3000
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Figure 6-8: Comparison of Emission Saving in scenario 1
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6.2.2 When 100% waste is recycled (Scenario 2)

Following table shows the result and comparison between following two conditions:

1. When 50% of waste is recycled, 30% incinerated and 20% is landfilled

2. When 100 % of waste is recycling

Table 6-11: Comparison of Scenario 2

50%Recycling

30% Incineration 100%
Scenario 20 % Landfill Recycling
Cost (PKR) 585,770 640,990
GHG (kg CO») 5,057.5 5,033
Emission Saving (kg CO2) 1,140 5,280

Following graphs show the comparison of scenario with respect to each objective.

Figure 6-9 shows the comparison between first objective of our model that is cost of
transportation. For 50% recycling, 30% incineration and 20 % landfill the cost is PKR 585,780,
and the cost for 100% recycling is PKR 640,990. It is more than first condition.

650,000.00
640,000.00
630,000.00
620,000.00
610,000.00
600,000.00
590,000.00
580,000.00
570,000.00
560,000.00
550,000.00

Cost (PKR)

50% Recycling 30%
Incineration 20% recycling

100% Recycling

Figure 6-9: Comparison of cost of transportation in scenario 2
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Figure 19 shows the comparison between second objective that is Greenhouse gas
emissions of transportation. For 50% recycling, 30% incineration and 20 % landfill the GHG
emissions are 5,057.5 kg CO., and the Greenhouse gas emissions for 100% landfilling is 5,033

kg CO.. Recycling will cause more Greenhouse gas emissions in transportation.

GHG (kg CO2)
5060
5055
5050
5045
5040
5035
5030
5025
5020

50% Recycling 30% 100% Recycling
Incineration 20% recycling

Figure 6-10: Comparison of GHG emissions of transportation in scenario 2

Following figure 6-11 shows the comparison between the values of third objective
function that is maximizing emission savings by waste management activities. For 50%
recycling, 30% incineration and 20 % landfill the emissions saved by waste management
activities are 1,140 kg COz, and the emissions saved by 100% recycling are 5,280 kg COx.
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Figure 6-11: Comparison between emission savings of scenario 2

6.2.3 When 100% waste is incinerated (Scenario 3)

Following table shows the result and comparison between following two conditions:

1. When 50% of waste is recycled, 30% incinerated and 20% is landfilled
2. When 100 % of waste is incinerated

Table 6-12:Comparison of scenario 3

50%Recycling

30% Incineration 100%
Scenario 20 % Landfill Incinerated
Cost (PKR) 585,770 709,390
GHG (kg CO2) 5,057.5 5371.6
Emission Saving (kg COy) 1,140 -3,360

Following graphs show the comparison of scenario with respect to each objective.
Figure 6-12 shows the comparison between first objective of our model that is cost of
transportation. For 50% recycling, 30% incineration and 20 % landfill the cost is PKR 585,770,
and the cost for 100% incinerated is PKR 709,390. It is more than first condition.
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Figure 6-12: Comparison of cost of transportation in scenario 3

Figure 6-13 shows the comparison between second objective that is Greenhouse gas
emissions of transportation. For 50% recycling, 30% incineration and 20 % landfill the GHG
emissions are 5,057.5 kg CO2, and the Greenhouse gas emissions for 100% landfilling is

6,223.5 kg CO», Recycling will cause more Greenhouse gas emissions in transportation.

GHG (kg CO2)
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5100
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50% Recycling 30% 100% Incineration
Incineration 20% recycling

Figure 6-13:Comparison of GHG of transportation in scenario 3

Following figure 6-14 shows the comparison between the values of third objective
function that is maximizing emission savings by waste management activities. For 50%

recycling, 30% incineration and 20 % landfill the emissions saved by waste management

60



activities are 1,140 kg CO., and the emissions emitted in environment by 100% incineration
are 3,360 kg CO..

Emission Savings (kg CO2)
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1000
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50% Recycling 30% 100% Incineration
-1000  Incineration 20% recycling

-2000
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-4000

Figure 6-14:Comparison of emission saving from waste management activities in scenario 3

6.2.4 When 50% waste is incinerated (Scenario 4)

Following table shows the result and comparison between following two conditions:

1. When 50% of waste is recycled, 30% incinerated and 20% is landfilled

2. When 150% of waste is incinerated and 50% is recycled

Table 6-13:Comparison of scenario 4

50%Recycling

30% Incineration 50%Recycling
Scenario 20 % Landfill 50% Incineration
Cost (PKR) 585,770 675,190
GHG (kg COy 5,057.5 5,202.3
Emission Saving (kg COy) 1,140 960

Following graphs show the comparison of scenario with respect to each objective.
Figure 6-15 shows the comparison between first objective of our model that is cost of
transportation. For 50% recycling, 30% incineration and 20 % landfill the cost is PKR
585,770, and the cost for 50% incinerated and 50% is recycled is PKR 675,190. It is more

than first condition.
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Figure 6-15:Comparison of cost of transportation in scenario 4

Figure 6-16 shows the comparison between second objective of our model that is
Greenhouse gas emissions of transportation. For 50% recycling, 30% incineration and 20 %
landfill the Greenhous gas emissions are 5,057.5 kg CO», and the greenhouse gas emissions

when 50% incinerated and 50% is recycled are 5,202 kg COo. It is more than first condition.

GHG (kg CO2)
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Figure 6-16: Comparison between GHG emissions of transportation in scenario 4

Following figure 6-17 shows the comparison between the values of third objective
function that is maximizing emission savings by waste management activities. For 50%
recycling, 30% incineration and 20 % landfill the emissions saved by waste management
activities are 1,140 kg COo, and the emissions saved by 50% incinerated and 50% is recycled
are 960 kg COo.
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Figure 6-17: Comparison of emission saved due to waste management activities in scenario 4

6.3 Sensitivity Analysis

A sensitivity analysis is conducted on some key parameters whose values are changed
by a certain percentage to see the effect of that change on the optimal values of cost
minimization function, GHG minimization function and saving emissions maximization as
shown in table. The percentage changes considered to see the changes in optimal function
values are -50%, -25%, +25%, and +50%. The parameters changed include distance between

nodes, carried load and segregation ratio of recycling.
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Table 6-14: Sensitivity analysis results for key parameters

Percentage Percentage
Percentage ) )
_ Percentage Change Change in GHG Change in
Parameter Change in ) o o
in Cost emissions of Emissions
Parameter )
Transportation Saved
50% 35.09% 33.18% 0%
Distance Between 25% 6.12% 16.75% 0%
Nodes -25% -6.60% -16.75% 0%
-50% -35.00% -33.18% 0%
50% 19.32% 9.3% 0%
) 25% 9.2% 4.5% 0%
Carried Load

-25% -9.2% -4.5% 0%
-50% -19.20% -9.3% 0%
50% 28.08% 12.67% 52.25%
Segregation Ratio 25% 11.12% 4.43% 21.56%
of Recycling -25% -11.12% -4.43% -21.56%
-50% -28.08% -12.67% -52.25%
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6.3.1 Analysis of change in distance

Following figures explain the sensitivity analysis by measures of each objective function with
respect to changing of each parameter. Figure 13 shows the percentage change in cost of transportation
by changing the distance by 50%, 25%, -25% and -50%. The change in value of cost of transportation
is 35.09%, 6.12%, -6.12% and -35% respectively.

Percentage Change in Cost
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0%
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-20%
-30%
-40%

50% 25% -25% -50%

Figure 6-18: Change in Cost by Changing Distance

Following figure 6-19, shows the change in Green House Gas emissions of
transportation by changing the distance by 50%, 25%, -25% and -50%. The percentage change
IS 33.18%, 16.75%, -16.75% and -33.18% respectively.
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Figure 6-19: Change in GHG by changing distance

Changing distance does not have any impact on the third objective that is maximizing
emission saving by waste management activities. The effect is shown in table 18 as 0 percent

but graph is not shown here.

6.3.2 Analysis of change in load

Following figures show the change in value of objective functions cost of transportation
and GHG of transportation by changing the load that is carried by vehicle. The first figure in
this section figure 15 shows the changes by percentage in cost of transportation by changing
the value of load carried by vehicles by 50%, 25%, -25% and -50%. The values are 19.32%, 6.9%,
-6.9% and -19.20% respectively.
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Figure 6-20: Change in Cost e by Changing Load

Following figure 6-21 shows the changes in second objective Green House Gas

emission from transportation by changing the value of load carried by vehicles by 50%, 25%, -
25% and -50%. The result of this analysis is 9.3%, 4.5%, -4.5% and 9.3%, respectively.
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Figure 6-0-21: Change in GHG by changing in Load

There is no effect of changing the load on the third objective that is maximizing the

emission saving by waste management activities. The effect is shown in table 19 by zero

percent so no graph is plotted here.
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6.3.3 Analysis of change in segregation ratio of recycling

Following figures show the change in value of objective functions cost of transportation
and GHG of transportation and maximizing the emissions saving by waste management
activities by changing the segregation ratio of recycling. The first figure in this section figure
6-22 shows the changes by percentage in cost of transportation by changing the segregation
ratio of recycling by 50%, 25%, -25% and -50%. The values are 28.08%, 11.2%, -11.2% and -28.08%

respectively.
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Figure 6-22: Change in Cost by Changing Segregation Ratio of Recycling

Following figure 6-33 shows the changes in second objective Green House Gas
emission from transportation by changing the segregation ratio of recycling by 50%, 25%, -
25% and -50%. The value in percentage change are 12.67%, 4.43%, -4.43% and -12.67%,

respectively.
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Figure 6-23: Change in GHG by changing Ratio of Recycling

Following figure 6-24 shows the change in third objective emission saved by waste

management activities by changing the value of segregation ratio of recycling by 50%, 25%, -
25% and -50%. The percentage value changed is 52.25%, 21.56%, -21.56% and -52.25%,

respectively.
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Figure 6-24: Change in emission saved by changing Ratio of recycling
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6.4 Summary of the chapter

The proposed multi-objective model for designing a green supply chain network design
for waste management is solved and optimized using MATLAB R2022a. The results showed
that an optimal cost of transportation of 800 kg waste in six time periods is PKR 686,830. Cost
for one time period is PKR 30,628.3. This cost can be minimized by moving vehicle depots
nearer to the waste sites. Cost of moving waste from four waste sites towards sortation center
IS 22.76%, PKR 1563,00 for six time periods. Cost for one time period is PKR 26,050. This
cost can be reduced by proper streamlined allocation of waste, enhancing quality of roads,
proper vehicle utilization and proper allocation of routes. Cost of moving waste towards waste
management facilities i.e., recycling center, incineration center and landfill are 27.21% (PKR
186,890), 17.61% (PKR 120,930) and 3.02% (PKR 20,765). These costs are cumulative for six
time periods. For single time period the costs are PKR 31,148.3, PKR 20,115 and PKR 3,460.6
respectively for recycling center, incineration center and landfill. Last component of cost is
the cost of maintenance of vehicles. This constitutes of 2.65% that is PKR 18,186 for six time

periods. The cost of maintenance for a single time period is PKR 3,031.

The optimal value of the function is 5,655.9 KgCOs». Since the vehicles are not moving
in their full capacity this value will increase under full capacity but more waste will be moved,
so overall value of GHG emissions will be decreased. GHG emission when vehicle move from
vehicle depots to waste sites is 38.49% that is 2,176.83 KgCO-/L for six time periods. For
single time period the value is 362.80 KgCO2/L. These emissions can be saved by moving
vehicle depots nearer to the waste sites. GHG emissions when vehicles move towards sortation
center are 32.53% of the total emissions in the supply network i.e., 1,839.8 KgCO-/L for six
time periods. GHG emissions for single time period in this node is 306.64 KgCO./L. These
emissions can be reduced by utilizing the capacity of the vehicles and moving more waste using
less vehicles. The Green House Gas Emissions while transferring waste towards facilities that
are recycling, incineration and landfill are 16.43% i.e., 929.44 KgCO2/L, 10.66% i.e., 602.85
KgCO>/L and 1.89% i.e., 106.9 KgCO2/L, respectively for six time periods. The values for
GHG of transportation in these nodes are 154.9 KgCO2/L, 100.5 KgCO>/L and 17.81 KgCO-/L
respectively.

The third objective maximizing emission saving of waste by waste management
activities is solved and recycling is assigned more than 50% of the waste and the value it saves
2970 kg CO- by recycling 450 kgs of waste. Incineration releases 1260 kg CO- by incinerating
300 kgs of waste. Landfill releases 330 kg CO2 by 50 kg of waste. So total emissions saved by
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this are 1380 kg CO.. Other analysis on the basis of different scenarios is also done. After in-
depth analysis and results, a sensitivity analysis is also performed on some major parameters
by changing their values by -50%, +50%, -25% and +25%. The parameter whose values are
changed to see the results are distance between nodes, cost of vehicle selection and capacity of

vehicle.
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Chapter 7: Comparison of Methodologies

In this chapter interactive multi-objective fuzzy programming is compared with goal

programming and results are discussed.

7.1 Comparison of Methodology

The designed green supply chain network design for waste management has been
optimized using the interactive multi-objective fuzzy programming. For comparison purposes,
the interactive multi-objective fuzzy programming has been compared to two other multi-
objective approaches (1) Goal Programming, and (2) augmented €-constraint method. The
comparison has been performed on three criterions, (1) Objective functions, (2) number of
iterations and (3) computational time. The software used for these approaches is MATLAB
R2022a. For criteria objective function, the optimal value of each objective function,
minimization of cost of transportation, Minimization of GHG of transportation and maximizing
the saving emission due to waste management activities is calculated. The cost is calculated in
Pakistani Rupees, the GHG emissions are calculated in Kg, and emissions from waste is also
calculated in Kg. The criterions of number of iterations and computational time are checked

after the optimal results. The comparing unit of computational time is seconds.

7.2 Goal Programming

In the actual world, multi-criteria decision-making difficulties are common. It allows
you to derive an appropriate solution by satisfying many requirements in the model. Each
requirement in a goal programming problem has a target value that must be met. Goal
programming is straightforward to use (Jayaraman et al., 2017), hence it may be implemented
to a wide range of applications such as stock management, human resource management,
marketing, quality control, production management, and operation management. Despite the
linear programming paradigm, which determines the solution directly by optimizing objectives,
goal programming attempts to minimize undesirable deviations between the goal's ambition
level and the ideal solution. There are two sorts of constraints in the goal programming
problem: system constraints and goal constraints. The system constraints are framed using
linear programming, whereas extra constraints are goal constraints. In a lexicographical sense,
the goal programming approach minimizes undesirable deviations. This method determines the
best solution to a problem by addressing many sub-problems in order of importance for each
aim. Priority vice opposite, a sub-problem is handled to minimize undesirable deviation

variables from the current goal. Then, the value of the deviation variable becomes a constraint
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for the next sub-problem, which is addressed to minimize unwanted departure from the next

goal on a priority basis (Romero, 2004).

The following equation shows the equations used in goal programming methodology

to solve the model.
prob.objective =(f1/ fvalll) + (f 2/ favl22) + (1—(f3/ fval33)) (7.1)

Following table 7-1 shows the difference between the results of goal programming and

Interactive multi-objective fuzzy programming.

Table 7-1: Comparison of Methodologies

Value of Cost Value of GHG Value of Emissions saving CPU

Function of through waste management Time
Methodology (PKR) transportation activities function (sec)
Function kg CO2
kg CO2
Interactive
multi-objective 585,770 5,057.3 1,140 0.51
fuzzy

programming
Goal 660,790 5,075.3 1,380 0.90

Programming
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Chapter 8: Conclusion

8.1 Conclusion

The amount of waste dumped directly to landfills and improper disposal of waste
causes major effects on environment and human health. This leads to land, air and water
pollution. Major cause of water scarcity is improper waste management. Burning of waste
under uncontrollable conditions causes lungs diseases. Transportation of waste also causes
emission of GHG in environment. Finally, improper waste management endangers ecosystems,
jeopardizes human health, and exacerbates the current worldwide environmental disaster.
Recycling is one of the major contributions towards saving the environment. To counter these
issues, a green supply chain network design is presented in this research which has three
objective functions i.e., minimizing cost of transportation, minimizing GHG emission due to
transportation and maximizing saving of emissions from waste. The distance between all nodes
i.e., waste sites, sortation centers, recycling center, incineration center and landfill contribute
majorly in cost of transportation as well as in GHG emissions. The segregation of waste at
sortation center contributes towards the emission saved. The function of saving emissions
constitutes of recycling of waste, incineration of waste and landfilling. Our research contributes
towards major recycling of waste for saving of emissions. The designed network is also
optimized using Interactive multi-objective fuzzy programming to avoid impractical and
unrealistic modeling. A numerical example is considered for the case of Saaf Suthra Sheher

and sensitivity analysis is performed.

The ability of the optimized multi-objective model to evaluate the performance of the
waste management supply chain determines its effectiveness. It also assists decision-makers in
making vital decisions to limit the environmental impact of waste in the aftermath of global
warming and its severe consequences. The results of the proposed multi-objective model also
confirm the capability of the developed decision assistance tool in terms of meeting the
research objectives. The results of optimizing the model shows the factors that are majorly
responsible for cost contribution. Six different types of costs are incurred in transportation
process. GHG emissions depends on the weight carried by vehicles as well as its fuel
consumption rate. The sensitivity analysis shows that changing distance between nodes effects
the cost and GHG transportation of waste. A comparison between interactive fuzzy
programming, goal programming and augmented €-constraint method is also performed. This

research can be extended in the future considering (1) training of population for waste
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segregation, (2) taking food waste into account and (3) profit of the waste management

company.

This research has its own limitations. We have not considered the all type of waste that
is being produced in households. For future research, the food waste from house-holds can be
considered and the researcher can work on getting organic fertilizers from food waste. The
other limitation of this research is to study the problem on full capacity of vehicles and study
the effect on cost and green house gas emissions. In the emission savings objective we have
not considered the emissions that are due to transportation. It can be studies in future and

overall impact in terms of emissions can be calculated.

8.2 Practical Implications

The proposed multi-objective green supply chain network for waste management is
optimized for real case scenario. It can be used as decision support tool for decision makers to
take beneficial and critical decisions. It can help in implementing in different policies to reduce
the impact of waste on environment and save the environment for our future generations. Waste
management companies can generate revenues and work for the betterment of society. The
government can imply policies regarding waste management on individual level to reduce the

landfilling.

In the scenario of Pakistan, no precautions and action are being taken on national levels.
Pakistan faces serious challenge of waste management and faces global warming and land
pollution. Higher authorities of Pakistan can follow this model to benefit the country needs and

make an impact according to sustainable development goals.
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