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Abstract. This paper analyzes more than 50 papers with a limited area in the field of solid waste management systems
and supply chain management, extending over mathematical models that include economic factors, as well as
environmental and/or waste flow allocation. The review finds that there are a number of limitations to the current
research in sustainable solid waste management systems. The narrow scope of environmental factors as constraints in
the current models means that there is a need to go further and include new environmental metrics. The effective
inclusion of environmental objectives in models with improved multi-objective approaches is a gap that needs to be
filled. Furthermore, there are significant gaps in sensitivity analysis of models limiting the general applicability of the
models. The paper concludes with promising new avenues of research that demand effective inclusion of sustainability
into solid waste management system models.
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1 Introduction
Population growth and the rapid pace of urbanization create many challenges to the environment
for large cities; one of the challenges is Solid Waste Management (SWM). The accumulation and

improper disposal of solid waste leads to environmental pollution and accelerates the extent of
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communicable diseases[1]. The release of gaseous toxic substances and emission of greenhouse
gases (GHGs) to the surrounding environment during waste management, expose communities
and individuals to serious health risks, such as, damage to the immune system, reproductive organs,
developmental organs and respiratory system, neuron and may cause cancer [2].

According to the European Union, Municipal Solid Waste is defined as “waste from households,
as well as other waste which, because of its nature or composition, is similar to waste from
households” [3]. “‘Solid-waste management may be defined as the discipline associated with
controlling the generation, storage, collection, transfer and transport, processing, and disposal of
solid waste in a manner that is in accordance with the best principles of health, economics,
engineering, conservation, aesthetics, and other environmental considerations, and that is also
responsive to public attitudes. In its scope, solid-waste management includes all administrative,
financial, legal, planning, and engineering functions involved in the solutions to all problems of
solid waste.”” [4].

Since the early 1970s SWM in developing countries has received increasing attention from
researchers and policy makers hoping to establish a sustainable management system [3]. Every
society has diverse goals for implementing SWM plans depending on some circumstances and
issues. For example, a society facing a landfill space problem may set a target to reduce the quantity
of waste sent to landfill disposal and may consider source decrease, waste diversion through
recycling and volume reduction alternatives such as converting waste to energy. The most suitable
choice, however, is often not clear. The problem becomes difficult if landfill space may be very
inadequate, making recycling and volume reduction alternatives to be more attractive options [5].
One of the currently proposed ways of treating waste is the high temperature thermal treatment
with energy recovery, as waste is considered to contain a substantial amount of bio-waste, which
can lead to renewable energy production [6]. Some researchers affirm that energy recovery is
required, if the goals set for the waste exploitation rate are to be achieved [7]. The output of high
temperature thermal treatment with energy recovery from waste are primarily to reduce waste
volume remaining for land filling; frequently the output is about 10% of the incoming volume [8,
9].

In Tanzania the responsibility for SWM rests largely with municipal authorities who, for the most
part, focus primarily on organizational aspects such as improvement of municipal solid waste

management quality, cost recovery from users, privatized collection and transportation systems,
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as well as technical aspects such as upgrading of waste management tools. The fact is that waste
management is quite extended to economic sector, comprising a variety of interlinked actors,
activities and commodities which has been neglected since decades [3]. Instead, much emphasis
has been put on minimizing the costs of collection through transport route optimization as nearly
90% within the municipal SWM budget goes into waste collection and transportation [10].

This review is based on papers published from 1993 to 2015 on the single/multi-objective
optimization models and supply chain management for solid waste management systems. A total
of 50 references were collected from the most extensive journals about optimization models and
supply chain management for solid waste management systems. In order to find papers related to
mathematical models for solid waste management systems and supply chain management, the
following keywords were used on bibliographical databases and search engines, such as Science
direct, Google scholar, sage journal. Furthermore, the bibliographical references of papers have
served as a continuous search reference.

Figure 1 visualizes more than 50 publications on solid waste management from 1993 to 2015,

which indicates that SWM has received much attention by researchers in recent years.
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Figure 1: Evaluation of Publications per Period from 1993 to 2015

Most relevant models in Solid Waste Management have multiple objectives and therefore require
the use of Multi-objective Optimization models.

In this review, we focus our attention to the identification of the main features of the single/multi-

objective optimization models implemented in solid waste management problems around the
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world so as to learn the best practices and identify possible gaps in relation to the Tanzanian
situation. such as the identification of the optimization criteria that drive the problem solution
(parameters), Such features includes; the different limitations that need to be taken into account in
each type of problem (constraints), the algorithms used for the solution of the optimization models
(methods/techniques) and the results obtained. Section 2 provides a review of the optimization
models for solid waste management systems, followed by discussion of the reviews in section 3
before conclusion and future research direction in section 4.

2 Optimization Models in Solid Waste Management System

A wide variety of real life problems in SWM are solved with optimization models, such as energy
management with overall environmental impact, waste minimization and solid waste management,
minimization of total transportation cost, facility locations, supply chain management, water
resources management and so on. However, this review only deals with a rather limited area of
solid waste management with environmental considerations, transportation cost and waste
minimization, facility location model and supply chain management.

2.1 Solid Waste Management with Environmental Considerations

Optimization models have been expansively applied in solid waste management with
environmental considerations in the literature. A very comprehensive survey of operations
research in solid waste management is presented by [11]. The main objective of their work was to
present an updated survey of the most relevant operations research literature on SWM, mainly
focusing on strategic and tactical issues.

Nevertheless, various studies have been done on different facets of solid waste management over
the past decades with environmental considerations. For example, [12] have presented a multi-
objective optimization of solid waste flows model with the aim of supporting the decision maker
on the optimal flows of solid waste sent to recycling, landfill and different types of treatment plants,
whose sizes were also decision variables. Four objectives were considered which are related to
unrecycled waste, economic costs, sanitary landfill disposal and environmental impact (incinerator
emissions). Interactive reference point procedures have been developed to support decision
making; these methods were considered appropriate for multi-objective decision problems in
environmental applications. In addition, interactive methods were generally preferred by decision
makers as they can be directly involved in the various steps of the decision process. Some results
derived from the application of the procedure were exemplified by considering the interaction with
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two different decision makers who were assumed to be in charge of planning the MSW system in
the municipality of Genova (ltaly).

[13] developed a multi-objective model for SWM which considered both initial investment and
operative costs related to transportation and transfer stations. Two conflicting objectives were
evaluated, the minimization of total cost and the minimization of environmental impact, measured
by pollution. Weighted sum, goal programming and fuzzy multi-objective techniques were
employed to analyze the model. The analysis shows that different attitudes of the decision maker
towards the logic and structure of the problem results into the employment of different
methodologies and the obtaining of different results. The model was applied to the waste
management of optimal territorial ambit of Palermo (ltaly).

In [14], a comprehensive fuzzy parametric programming with two objectives was developed. The
first objective was to minimize environmental risk and the second objective was to minimize cost.
Multi-period system to locate solid waste facilities such as transportation station, recycle center,
compost plants, incinerators and landfills were also considered. Some parameters were uncertain,
such as the amount of waste and operation capacity of each facility.

[15] proposed a multi-objective optimization model which integrating economic and
environmental aspects for a solid waste management system for the city of Duisburg (Germany).
The proposed model aims at minimizing the total solid waste management system costs by
considering different restrictions such as logistic, technical, environmental and social constraints.
[16] developed multi-objective mixed integer programming model for reasoning the potential
conflict between environmental and economic goals and for evaluating sustainable strategies for
waste management in the city of Kaohsiung in Taiwan. The results provided a set of total solutions
for long term waste stream such as allocation, sitting, resource recovery and tipping fees evaluation.
A multi-objective optimization model for the management of municipal solid waste using an
uncertainty approach was presented by [17]. System cost of solid waste management and the
environmental impact were objectives of the model and pollution loss theory to evaluate the
environmental impact was applied. The results of the model showed that the overall system cost
could be reduced by $1-2.4 per ton, i.e., $3.7 million per year.

[18] have presented a multi-objective mathematical programming model to evaluate and quantify
the effects of initiatives for diversion of current waste from landfill in Italy. They used economic

and financial indicators to define the profitability of waste facilities. They proposed efficient waste
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to energy plant and regional strategies of waste management to optimize financial and
environmental benefits of the sector. Moreover, a sensitivity analysis was used to test some of the
initial assumptions. The proposed waste management framework provides a concrete scheme for
future research in assessing quantitatively the effectiveness of waste management.

The work by [19] presents a multi-objective optimization model for solid waste management,
considering economic and environmental issues. A multi-objective mathematical strategy based
on the normalized constrained method was applied and industrial based case study was analyzed.
The proposed rigorous multi-objective optimization leads to reduced calculation effort and better
solution quality, since waste stream scheduling has been included in decision-making. On top of
that, a sequential approach is followed to further estimate the minimum heat requirements for the
diverse solutions obtained in the Pareto front using a MILP formulation of the heat exchange
problem.

In study by [20] a multi-objective mathematical model for the MSW management of the Athens
region in Greece was developed. The model provides the pareto optimal solutions for a MSW
management system performing structural, design and operational optimization. The Green House
Gas (GHG) emissions criterion and the economic criterion are taken into account as optimization
criterion. Therefore, the model did not obtain just an optimal solution, but a set of pareto optimal
solutions that spread from minimum GHG emissions to minimum cost. Each pareto optimal
solution provides the corresponding capacities and the technologies that are associated with it.

In the paper by [21] have developed the multi-objective model for solid waste collection system
in Madras city (India). Decision making approach was considered with economic, environmental,
technical and social aspects. Lexicographic goal programming technique used to analyze the model
and several possible scenarios were considered. The proposed model considers a single planning
period of 5 years.

[22] have developed an integrated solid waste management model using integer linear
programming model. The objective function consisting of fixed and variable costs, transportation
cost and environmental cost/credit was developed subject to capacity, mass balance and
environmental constraints. Two case studies were carried out using the model. In the first case stud,
the model was tested with waste collection from three sources/zones in Accra Metropolitan
Assembly and dumping of waste at three landfill sites. In the second case study, a new landfill site

and a compost plant acquired by Zoom Lion Ghana Ltd. were integrated into the model. The results



MULTI-OBJECTIVE OPTIMIZATION MODELS 156

showed that the operational cost for the integrated solid waste management model was close to
that of the collection and dumping programmed initially. With increased revenue per ton of
compost and/or increased proportion of waste converted to compost, the overall operation cost was
reduced considerably in the case of the integrated solid waste management model making it more
efficient with reduced environmental pollution.

A bi-objective dynamic linear programming model was formulated by [23] for decision making
and supporting in the long-term operation of municipal solid waste management system. The
model simultaneously includes both economic and environmental pollution of MSW system over
time periods and the optimal trade off over the entire studied time horizon was the focus. The
computational result and analysis illustrate a deep insight of this model.

[24] have presented a mixed integer nonlinear programming decision support model for assisting
planners in decisions regarding the overall management of solid waste at a municipal level. The
model results show that, an optimal number of landfills and treatment plants, optimal quantities
and the characteristics of refuse that have to be sent to treatment plants, to landfills and to recycling
were determined. Various classes of constraints were considered in the problem formulation,
considering the regulations about the minimum requirements for incineration process requirements,
recycling, mass balance and sanitary landfill conservation. The objective function was composed
of transportation, maintenance costs and recycling.

The paper by [25] presents the new systems engineering optimization model, which incorporates
a life cycle assessment (LCA) methodology. The model used different weights to prioritize several
objectives such as minimizing greenhouse gas emissions or costs. A case study was analyzed,
covering different treatments of one tone of residual household waste: incineration of the all
amount or sorting out organic waste for biogas production for both combined heat and power
generation or as fuel in vehicles. The article shows that it is feasible to combine LCA methodology
with optimization. Moreover, it highlights the need for including the integrated waste and energy
system into the model.

The study done by [26] in Malaysia aims to evaluate the energy, economic and environmental
impact of waste-to-energy (WTE) for solid waste management. An existing landfill was selected
as the case study for consideration to implement the advanced WTE technologies including the
landfill gas recovery system (LFGRS), anaerobic digestion (AD), incineration and gasification.

The study offered an interactive comparison of different WTE scenarios and followed by more
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discussion on waste incineration and AD as the two potential WTE options in Malaysia. The study
revealed that incineration as the better technology choice when the production of electricity and
heat were considered. However, AD is found to be more favourable under the consideration of
electricity production only.

[27] have developed a DSS for sustainable municipal solid waste management of Allahabad City
(India). Both environmental as well as economical sustainability of municipal solid waste
management were considered. Technological, institutional and financial aspects were taken in the
framework of integrated solid waste management. Technological aspects include geographical
information system in the database for waste related procedures such as waste production,
collection, treatment and disposal. The framework for the technological aspect of overall solid
waste management were categorized and worked out with four modules, namely: waste generation
module, waste collection module, waste transportation module and waste disposal module.
Institutional aspect considered identification of strengths, weaknesses, opportunities and threat of
working bodies governing the solid waste management. The financial aspect were considered for
reducing the direct economic burden on the municipal authorities by option of tariff from
commercial places, households, academic institutions and other waste generators.

Finally, the models are seen as a good representation of sustainable waste management methods
that are inclusive of environmental objectives with GHG emission minimization. Moreover, the
models are well addressed by presenting a decision variable for the selection of technology type.
However, environmental impact cannot only be considered in incinerator emissions as presented
by [12], but should consider other technologies such as recycling, composting and separation as
the sources for the emission of GHG. Furthermore, the limited range of environmental factors as
constraints as presented by [22, 24, 27] should go beyond that of including new environmental
metrics, that is environmental aspect should be treated as independent objective which includes all
technologies and transportation as the sources for GHG emission.

2.2 Transportation Cost and Waste Minimization

A variety of deterministic mathematical programming models have been used for solid waste
management systems which focus on transportation cost and waste minimization. For example,
[28] have proposed mathematical model for municipal solid waste management process for llala
municipality in Tanzania. They used mixed integer programming method to model the problem

and solved the problem to optimality which provided the best distribution of the collection centers
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and their capacities. Their solution showed a least transportation cost with saving of 38.3%
compared to the existing system.

[29] have studied optimization of solid waste management systems using operational research
methodologies. They proposed a model for a municipal solid waste management system in Port
Said, Egypt which included the use of the concept of collection stations. Mixed integer
programming was used to model the proposed system and the solution was performed using MPL
software VV4.2. Further, the results showed that the best model would include 27 collection stations
of 15-ton daily capacity and 2 collection stations of 10 ton daily capacity.

[30] proposed a mixed integer linear programming model which introduced a systematic planning
methodology for obtaining long-term waste management strategies for entire batch manufacturing
sites. Their work introduced a dynamic view of designing optimal waste management strategies
for a planning horizon of 5-10 years. The objective function minimizes the net present cost that
included the operating cost, the annualized capital investment and the maintenance costs. The
operating cost was obtained as the probabilistic average of the operating cost in the individual
waste forecast scenarios. The problem constraints included corporate-wide budget limitations,
special permit constraints, emission trading opportunities and emission limitations.

[31] analyzed the Municipal Solid Waste Management System in Amman, Jordan and considered
proper treatment of municipal solid wastes from its creation to disposal. The objective was to
investigate and evaluate the effects and impacts of adopting possible waste treatment technologies
based on the life cycle assessment method and to identify environmentally and economically
efficient system. Ten municipal solid waste management scenarios were designed considering
alternative waste collection, treatment, and final disposal methods to reduce landfill wastes and
emission of greenhouse gas and to enhance recycling and waste-to-energy conversion. The overall
environmental burden associated with each scenario was estimated and comprehensively evaluated
based on the life cycle assessment method. The weighted sum of greenhouse gas emissions with
Global Warming Potential, remaining capacity for landfill disposal, and recycling ratio are utilized
as major indicators for the environmental performance index to identify the best scenario. The
results showed that a proposed Integrated Solid Waste Management (ISWM) system was the best
scenario, which minimizes environmental loads, improves revenues, increases the recycling ratio,
and decreases final disposal of waste to the Landfill. This scenario was a combination of

composting, a recycling rate of 14% of the waste generated with waste separation at source and
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incineration of the remainder, with energy recovery from incineration. Moreover, the results
showed that, an increase in recycled materials by 23 percent could be achieved if waste separation
at source was properly applied.

[32] have developed a multi-objective programming model to address the conflicting objectives of
minimization of the volume of solid waste in various collection centers in a municipality and
related cost. The model was tested using data collected from Abuja Municipal Solid Waste
Management Agency, waste management companies, waste recycling vendors and other
concerned stakeholders in Abuja, Nigeria. The model was solved using Microsoft Excel Solver
14.0 and revealed that all the volumes of wastes in the collection centers in the municipality can
be evacuated with 67% of the amount allocated daily. The remaining 33 % of the total amount
allocated daily was discovered to have been lost to contracted companies after the evacuation.

In the paper by [33] an optimal MSW collection and transportation plan that aims on minimizing
the length of each waste collection and transportation route was proposed. The mixed integer
program was used to formulate the MSW collection and transportation problem. A heuristic
method was used to find solution for the waste collection and transportation problem. Simulations
and real test results show that the proposed solution can considerably improve the MSW
performance. Therefore, this shows that the proposed plan is able to reduce more than 30% of the
total waste collection path length.

As a conclusion, the models are considered appropriate for the problem set. However, the models
presented by [28-31] have single objective function, which is addressing the environmental issues
in costs or as constraints. These are not sustainable for managing the environmental factors, since
they are not directly focused on the minimization of wastes emissions. Furthermore, even the
multi-objective function model presented by [32] did not consider environmental concerns.
Specifically these models considered only transportation cost and waste minimization without
taking a holistic approach to SWM.

2.3 Facility Location Models

Facility location is the process of identifying the best geographic location for a service or
production facility and deciding on the best location for a facility [34]. In the context of solid waste
management, facility location implies identification of a physical area for waste collection centers,

separation centers, treatment centers and disposal centers which minimize the SWM system total
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cost while addressing other factors in terms of constraints. Many researchers have studied facility
location models for SWM.

A multi-objective model for locating solid waste transfer stations was proposed by [35]. Their
model focused on the compromise between minimizing transhipment costs and maximizing the
distance of the facilities from the residential zones. Only transfer station facilities were considered,
in which refuse was transferred from collection trucks for more economical shipping to distant
landfills. The public opposition to the location of facilities near to the inhabitant’s areas was
measured by a decreasing function of distance from facilities.

[36] have developed a fuzzy multi-objective model to locate undesirable facilities with two
objectives. First objective was cost minimization, which consists of transportation cost and fixed
cost. Second objective was about minimizing risk of site location impact. Two parameters were
considered uncertain in their model, including produced hazardous material per each center and
also related risk to locate a facility to a special site.

[37] have formulated a multi-objective model for determining locations of undesirable facilities.
The model was designed to address key issues, such as how many facilities should be located and
how large each facility should be. Two objectives were considered, to minimize total cost and the
minimization of the population opposition to the construction of the landfill in their area. Fuzzy
programming method was proposed as another way to treat uncertainties in locating undesirable
facilities in their model. [38] have proposed a model based on a multi-objective integer
programming approach to suggest the optimal configuration of facilities for transportation,
treatment and disposal with minimum cost and minimum risk to the environment.

[39] have proposed a multi-objective integer program with risk and cost objectives. In their model,
location of transfer yards and transportation routes were optimized. Multiple modes in routing
plans including highway and railway were also considered. Some constraints were introduced to
convert the model to a linear model to solve since the model was nonlinear and difficult to solve.
[40] have applied a bi-objective model to locate semi-desirable facility. Two objectives were
considered, to minimize weighted distance from facility and demand center as well as to minimize
cost of service for all facilities. An interactive geometrical branch and bound algorithm to solve
the model were suggested.

The authors in [11] proposed an integer programming model that helps decision makers in

choosing the sites where to locate the unsorted waste collection bins with respect to their capacities
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in a residential town to be located at each collection site. Their model has constraints that force
each collection area to be capacitated enough to fit the expected waste to be directed to that area,
while considering the Quality of Service constraints from the society’s point of view. The results
on data from the city of Nardo (ltaly) provide continually better solutions than the presently
implemented, resulting in a minimal number of activated collection sites, and a minimal number
of bins to be used.

[41] presented the multi-criteria mixed-integer linear programming model to solve the location—
allocation problem for municipal SWM at the regional level. They used the lexicographic mini-
max method to obtain a non-dominated solution. The result of the model consists of locations and
technologies for material recovery facilities, transfer stations, incinerators and sanitary landfills,
as well as the waste flow between these locations.

[42] presented a multi-objective locating-routing model for hazardous waste. Transportation risk
and minimization of total cost are two objectives of their model. Treatment centers and disposal
centers location and also routing different type of hazardous waste to compatible treatment centers
and disposal centers were considered. They dedicated percentage of recyclable hazardous waste,
at both of generation nodes and after passing treatment centers. They combined two objectives to
one objective with scalarization approach to solve the model.

[43] proposed a mixed-integer, multi-objective programming model to identify the locations and
capacities of facilities that includes four conflicting objectives. The one which minimizes the total
investment cost and the other one which minimizes the average distance from dwellings to the
respective multi-compartment container. The third objective minimizes the number of individuals
too close to any container, and the last minimizing the number of dwellings too far from the
respective multi-compartment container. The proposed model was tested with data from Coimbra
city (Portugal), where a large urban project, addressing about 800 buildings, is being undertaken.
The results show that different combinations of underground containers for the disposal of four
types of sorted waste in 12 candidate sites were produced. These results and trade-offs among the
objectives can be used as information to guide the decision maker in analyzing the complex
problem of solid waste management system. Nonetheless, this research showed that a particular
solution with a better objective balance can be identified.

[44] have presented a multi-level capacitated warehouse location network model for the recycling

of sand from construction waste. Regional depots and treatment facilities are two types of
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intermediate facilities which have to be located. Scenario analysis was used to provide uncertainty
in location of the demand points and in the return flows.

[45] developed a multi-objective model for hazardous waste transportation and sitting treatment
facilities. Four objectives were considered; first one was to minimize total operation cost, second
to minimize total perceived risk, third was to equate distribution of risk among population centers
and last objective was to equate distribution of the disutility caused by the operation of the
treatment facilities. They proposed, a goal programming to solve the model. [46] have presented a
dynamic location model for landfills site. The model has four objectives including minimization
of operation cost, to minimize the total risk on human population, to minimize the total risk on
nonhuman population and minimization of inequity. A weighted method was used to generate
efficient solution by HYPER-LINDO mathematical programming software.

[47] have formulated a bi-objective mixed integer optimization problem for the locations of
landfills, transfer stations and simultaneously determine the sizes of the landfills. The model
objectives were the cost minimization and pollution minimization. The pollution was dealt with a
two approach: first one, the model included constraints that enforce legislated limits on pollution
and the second one, the objective functions attempted to minimize pollution effects. The results
were expected to aid decision makers in the choice of excluding and including sites for solid waste
facilities.

The location-allocation model for planning urban solid waste management system which has been
analyzed by heuristic techniques was developed by [48]. The results of the model show, the
number and the location of waste disposal facilities, the technology used the amount of solid waste
processed and the service basin of each facility. Meticulous is given to the case of the Italian region
Lombardy, the regional USWMS law was in fact a useful stimulus for a constructive comparison
between the actual system and possible alternatives.

However, the models presented above have only considered facility location such as landfill,
recycling, collection centre and incinerator. Cost minimization and minimizing risk of site location
impact which include environmental pollution, are worth emphasizing aspects in such models. The
models are incomplete from the sustainability point of view as they do not include a holistic
approach to SWM and worse enough have a poor focus on the environmental issues. A big

drawback is also identified in objective function which minimize the total risk on human and non-
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human population since the models do not model emission of GHG as well as the risks are not
clearly defined.

2.4 Supply Chain Management

A supply chain is a network of facilities and distribution options that performs the functions of
procurement of materials, conversion of these materials in-between and finished products and the
allocation of these finished products to customers [49]. Supply chain management is the
coordination of manufacture, inventory, location, and transportation among the participants in a
supply chain to attain the most excellent responsiveness and efficiency for the market being served.
The concept of supply chain management has been introduced and expansively studied by many
researchers.

Some models, for instance the one designed by [50], have formulated a multi-period dynamic
model for the reverse network of waste management system in an environmentally friendly manner.
Their model aims to simultaneously minimize the system operating costs and environmental risks
imposed by waste recycling and disposal through material flow between different facilities at each
time period.

Some other studies such as [51] have proposed a new green supply chain design approach to deal
with the trade-offs between environmental and financial issues. The new approach incorporates a
closed loop network to accommodate the reprocessing paradigm of disposal products and a multi-
objective optimization mathematical model to minimize overall costs and carbon dioxide
emissions when setting the supply chain network. Weighted sum, weighted Tchebycheff and
augmented weighted Tchebycheff methods were used for the computation of the model.
Differences in the optimization results were analyzed to identify the advantages and drawbacks of
each approach when solving a case study.

[52] have integrated multi-objective mixed integer programming (MIP) and hierarchical cluster
analysis method to configure and optimize global logistics network. The proposed model
objectives were to minimize the network investments, meanwhile maximize the total profits
generated by the supply chain and satisfaction to customer demands. Weighted sum utility method
was applied for model analysis.

[53] have developed a bi-objective mathematical model for green supply chain network design
(GrSCND), which concurrently minimizes the overall system costs and environmental impacts.

The environmental impacts were measured by the amount of harmful gases, i.e.,CO,,NO,and
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volatile organic particles, generated by facility operations and transportation of goods within the
supply chain.

[54] have introduced a two-stage bi-objective location-routing model with time-windows for
GrSCND, and the optimal balance of costs and greenhouse gas emissions is the goal of this model.
The optimal supply chain network configuration is determined through selecting appropriate
number and locations of facilities as well as the route within each stage.

A bi-objective optimization model for green supply chain network design, which aims to balance

the trade-off between overall costs and environmental influence in terms of CO,emissions have

been developed by [55]. The pareto optimal solutions were employed for model computation, and
a comprehensive numerical experiment is also conducted.

Thus, the models above are single period, single product, multi-stage supply chain network design,
which considers the movements between all network nodes together with suppliers and customers.
Moreover, those are the models with a complete cost objective function, alongside with

environmental costs. Nevertheless, it considers only CO, emission as the source for GHG

emission without taking the holistic approach.

3 Discussion

From the above review of literature, different issues can be raised and several points for discussion
can be opened. These points for discussion can be examined from different aspects, but for the
purpose of this review, three of them are considered as vital. The first one is the modeling of the
problems (decision variables, parameters and constraints). The second is the methods used to
analyze the models (solving approaches) and finally, the results obtained after implementation of
the models.

3.1 Modeling of the Problems

In the modeling problem point of view, the focus is on the objective functions, mainly the
environmental and economic ones, parameters and constraints used.

3.1.1 Objective Functions

In this review two main objectives were observed in most publications, namely economic cost and
environmental objectives. Out of more than 50 reviewed papers 20 (40%) publications have
objective functions related to both economic and environmental pollution while 30 (60%)
publications have economic cost objective. However, 3 (6%) publications have social factors and

economic cost as objective functions, which show that it has received little attention by researchers.
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Figure 2 visualize the evaluation of objective functions; there are more papers with economic costs
objective function than the papers that have objective function related to environmental pollution
(GHG emissions).
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Figure 2: Evaluation of Objective Functions from the year 1993 to 2015

In general, the environmental objective function can be seen to partly cover some aspects related
to environment, if we analyze the objective function in some models. For example the
environmental objective in [12] only considers the incinerator emission, in [51, 55] have only
considered emissions while in [14] considered environmental risk without defining those risks
such as GHG emissions and bad odor. Furthermore, an environmental emission is well done in
supply chain management literature although in different approaches as shown in [53] whereby
minimization of harmful gases such as CO,, NO, and volatile organic particle, generated by
facility operations and transportation were included. Even if they differ in approaches from each
other, the general agreement is that the environmental aspects should be present in decisions of
sustainable waste management systems, since they have strong impact on the trade-off between
the economic costs and the processing emissions from different facilities. The aspect of
environmental emission in supply chain can also be applied in SWM system with the inclusion of

methane (CH ) gas which contribute much to the environmental pollution.

Regarding the economic objective functions, these have been fully developed since the literature

includes various economic cost types such as fixed and variable cost. Moreover, there is a general
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concede on what should be included inside this function, except for the environmental cost as in
[22]. However, the environmental issue cannot be considered in the economic cost for sustainable
SWM, therefore it should be considered as independent entity in the modeling formulation.
3.1.2 Parameters and Constraints
As part of the modeling of problem, are also parameters and constraints; some parameters with
uncertainty were developed as in [14, 36]. The models have constraints that force each collection
area to be capacitated enough to fit the expected waste to be directed to that area, was formulated
by [11]. In addition to that, some constraints in [39] were introduced to convert the model to a
linear model since the nonlinear model is difficult to solve.
3.2 Solution Methods
Traditional methods are frequently used as the solutions technique to analyze most of the reviewed
models. These methods allow the user to specify preferences, which may be expressed in terms of
the relative importance of different objectives. Most of these methods incorporate parameters,
which are coefficients, exponents and constraint limits. That can either be set to reflect decision-
maker preferences, or be continuously altered in an effort to stand for the complete Pareto optimal
set [56].
Moreover, some publications have used prior methods which are structured upon the pre-specified
preferences of the decision maker. In these methods, the complete preference information should
be stated first by the decision maker. The analyst then incorporates this preference information
into an optimization procedure to generate the best compromise solution. The widely used methods
are a weighting, lexicographic, branch and bound algorithm, and goal programming with some
modifications to suit for mathematical programming as discussed below.
3.2.1 Weighting Method
The majority of the publications in this review apply the weighting method to analyze the models.
Example can be found in [13, 42, 44, 46, 51] just to mention a few. The weighting method also
known as a scalarization method is the most basic technique for solving multi-objective problems.
In fact it is an approach that is combines multiple objectives into one single objective scalar
function. It can be mathematically formulated as:

Minimize Z = Zkl“wi f, () (4)

subject to xeS (5)
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Kk
where, w, >0 forall i =1,2,...,k and ZWi =1, the sum of all the weights, should be 1 [32]. This

i=1
technique needs an experienced person who knows the problem or a decision maker, which
requires a certain performance level from an optimization model, to set the weights for the
objectives [57].
Nonetheless, by setting only one of the weights, only one optimal solution can be obtained. Also,
there is a possibility that for a small change in the weights, some solutions will be going out of
feasible region. Furthermore, when the multi-objective problem is non-convex, the full Pareto-
front cannot be generated, thus limiting the use of the weighting method [57]. Therefore, this is
not an appropriate method for solving the multi-objective problems, since every problem has
different settings and every model behaves in a different way.
3.2.2 Goal Programming Method
This is an approach that is also used for solving multi-objective problems. In this approach the
deviations from the target values of every objective function are minimized. As a result, goal
setting by the decision maker is a more intuitive approach since it correlates to the behaviour of
the problem under study. In order to find optimal solutions, this approach is using the target levels
or goals to form a feasible point, where a solution is considered as feasible if the deviations from

that reference point is minimal [58]. Mathematically, this can be formulated as:
n 1/r
Min Z=[2(zi(x)—yi)f} ®)
i=1

where x e X (feasible region) and y, is the goal of the ithobjective. I takes the value of 2 with

y, asthe individual optimum of the ith objective, which represents the root mean square deviation

from the goals [59].

This method is suitable for bigger problems, with more variables and more objective functions. It
is very appropriate for the decision maker to capture the necessary elements of a problem and
formulate these into goals and constraints [60]. However, finding the optimal set of solutions can
be still a tricky task, since the deviations from the target levels can mislead the decision-maker.
Hence, the goal programming gives good results only if the target levels or goals are pessimistic

and restricting the area of optimal solutions.
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An example of model which applies goal programming can be found in [13, 21, 41, 45]. Moreover,
a range of goal-programming forms has been proposed and frequently used by researchers, namely
weighted goal programming, Chebyshev goal programming and lexicographic goal programming.
These formulations are also known as mini-sum, mini-max, and pre-emptive priority goal
programming.

3.2.3 Lexicographic Method

The lexicographic method is another approach that is widely used for prioritization of the
objectives, where the decision maker makes an order of objective functions to be minimized. After
the first one is optimized, its value should be preserved in the following objective function
minimization, by setting up constraints. The process is terminated as soon as one of the
programming problems results in a single solution. In this review only 3 out of 50 papers apply
this method to analyze their models, this shows significant gap on the application of this solution

method. The lexicographic formulation is given as follow:

minimize F(X) (7

Subjectto F;(x) < F(x)),j=12,..,i-1i>1i=12,...k.(8)
where i represents a function’s position in the preferred sequence, and Fj(x’;) represents the
optimum of the jth objective function, found in the jth iteration. After the first iteration(j =1),
F, (x’;) is not necessarily the same as the independent minimum of F;(x) because new constraints

have been introduced [56].

3.2.4 Branch and Bound Method

The Branch and Bound method employs a strategy in which the feasible region is divided into
smaller sub-groups (or nodes), each being examined for integer feasibility. The information
regarding the bounds on the objective function value is constantly updated and used to guide in a
selective examination of nodes. This method can be described as an iterative algorithm that
involves two operations, branching and bounding [61]. In this review there is only one publication
by [40] which apply this method, showing that little has been done to apply the iterative methods.
The main idea in branch and bound is to avoid growing the whole tree as much as possible, because
the entire tree is big enough in any real problem. Instead branch and bound grows the tree in stages
and grows only the most promising nodes at any stage. It determines which node is the most

promising by estimating a bound on the best value of the objective function that can be obtained
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by growing that node to later stages. The name of the method comes from the branching that
happens when a node is selected for further growth and the next generation of children of that node
is created. The bounding comes in when the bound on the best value attained by growing a node
is estimated [62].

The number of publications per solution method and objective criteria are shown in table 1 below
which indicates that very little, has been done on the environmental related problems. Very few
studies have been considered environmental as independent objective function criteria.

Table 1: Number of Publications per Solution Method and Objective Criteria

S/No. | Obijective function criteria Solution method No. of publications

1 Minimization of transportation risks and | Scalarization (Weighted sum) 34

total operation costs

2 Minimization of both cost and | Goal Programming 5

environmental impact

3 Minimization of operation cost and | Lexicographic 3

perceived risks/social factors

4 Minimization of environmental impact and | Branch and Bound 1
financial cost.
5 Mixed criteria Mixed method 11

As a conclusion, some of the multi-objective solution approaches have been left so far in this
literature review, like evolutionary algorithms, trade-off curves technique and dynamic
programming, for addressing sustainable SWM system problems. This can be considered as a
research gap, where a contribution on the quality of the models can be seen by these multi-
objective modeling approaches.

3.3 Model Implementation

The last point related to the models can be seen from the results of the various implementations of
the models. Several models are performing a good analysis, where some of the outcomes are
presented by [16], which provides a set of total solutions for long-term waste stream such as
allocation, setting resource recovery and tipping fees assessment. Moreover, the increases in
revenue per ton of compost and/or increased proportion of waste transformed to compost, means
that the whole operation cost can be reduced considerably in the case of the ISWM model making
it more efficient with reduced environmental pollution as presented by [22]. Besides that, the study

by [31] finds that a proposed ISWM system is the best scenario, which minimizes environmental
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impacts, revenues improvement, the increment of the recycling ratio and decrease in final disposal
of waste to the landfill. Furthermore, there are significant gaps in sensitivity analysis of models as
only one publication by [18] was used to test some of the initial assumptions, this limiting a more
general applicability of the models in real life problem.

Finally, the factors related to social factors should be raised up since they are not well presented
in either side of the discussion. Thus, the implementation of the objective function with social
factors in sustainable multi-objective optimization models is inevitable. This issue should go
together with upgrading the environmental issues in the objective function to include new methods
of solving multi-objective models and sensitivity analysis.

4 Conclusion and Future Research Directions

A poorly planned solid waste management system without considering sustainable SWM will
result in extremely high costs, high risks and high GHG emissions; which will then lead to the
failure of a municipal in pursuing long-term sustainability of SWM system. The review finds that
there are a number of limitations to the current research in sustainable solid waste management
system. The narrow scope of environmental factors as constraints in some models should go
beyond that of including new environmental metrics. The more effective inclusion of the

environmental objective in models, which includes GHG emissions (CH,and CO, ) from both

technologies and transportation with improved multi-objective approaches is needed. There are
also significant gaps in sensitivity analysis of models limiting more general applicability of the
models; something that can be considered as future research opportunities.

Therefore, in order to fill the gap, the mathematical model for SWM system operated in municipal
will be formulated in future so that the total costs for SWM, GHG emissions, and waste
minimization will be simultaneously considered in a multi-objective optimization model for SWM

and solved by the state of the art techniques.
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