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This paper surveys decision support models that are commonly used in the solid waste management
area. Most models are mainly developed within three decision support frameworks, which are the life-
cycle assessment, the cost–benefit analysis and the multi-criteria decision-making. These frameworks
are reviewed and their strengths and weaknesses as well as their critical issues are analyzed, while their
possible combinations and extensions are also discussed. Furthermore, the paper presents how cooper-
ative and non-cooperative game-theoretic approaches can be used for the purpose of modeling and ana-
lyzing decision-making in situations with multiple stakeholders. Specifically, since a waste management
model is sustainable when considering not only environmental and economic but also social aspects, the
waste management bargaining game is introduced as a specific decision support framework in which
future models can be developed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last decades, a traditional research topic in the waste
management field has been focused on developing tools and meth-
ods to help decision makers with tactical decisions over waste
management systems. This paper reviews the most widely used
decision support frameworks, which are the life-cycle assessment
(LCA), the cost–benefit analysis (CBA) and the multi-criteria deci-
sion-making (MCDM), and further presents other frameworks that
can include decision support models for solid waste management
(SWM). Initially, the paper presents the LCA, CBA and MCDM
frameworks analyzing their strengths and weaknesses as well as
their similarities and possible combinations. However, taking into
consideration that any SWM system should be socially acceptable
(Petts, 2000; Morissey and Browne, 2004; Weng and Fujiwara,
2011), the main challenge is to develop decision support models
considering cooperative interactions among stakeholders, who
are any group or individual that can affect or be affected by
SWM systems. Therefore, the major objective of this paper is to
introduce a game-theoretic approach to the analysis of decision-
making for SWM, through:
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peris).
(1) The presentation of the waste management bargaining game
(WMBG) as a specific decision support framework, within
which various models regarding negotiations over any
aspect of SWM systems can be developed, and

(2) The analysis of the commonly applied solutions to coopera-
tive games and the discussion of cooperative and non-coop-
erative game-theoretic approaches, as an effective way to
consider the preferences of all stakeholders included in
SWM systems.

2. Decision support frameworks for solid waste management
(SWM)

Over the past decade, there are many scholars proposing differ-
ent definitions of the term ‘‘decision support’’ (see Bardos et al.,
2001; Sullivan, 2002; Bohanec, 2003), in which a common ap-
proach is that decision support provides a collection of techniques
aimed at supporting people faced with complex decisions. Addi-
tionally, a model is defined as: a representation of an object, system
or idea in some form, other than that of reality itself (Qureshi et al.,
1999). Following these approaches, we define the term ‘‘decision
support framework’’ as: a broad outline of interlinked items support-
ing stakeholders in a decision-making approach for specific objectives
and also serving as a guide that can be modified as required by adding
or deleting items. In other words, a decision is the output of a deci-
sion-making process that is followed by decision-makers, who de-
velop decision support models using specific assumptions and
constraints in order to achieve the desired objectives. Moreover,
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Table 1
List of abbreviations.

AHP Analytic Hierarchy Process
B/C Benefit/cost
CBA Cost benefit analysis
CV Contingent valuation
CEA Cost-effectiveness analysis
DCFA Discounted cash flow analysis
EASEWASTE Environmental assessment of solid waste systems and

technology
EC European commission
EIA Environmental impact assessment
ELECTRE Elimination et choix traduisant la réalité (Elimination and

choice expressing reality)
EPA Environmental protection agency
IEAs International Environmental Agreements
ISO International organization for standardization
LCA Life-cycle assessment
MCDM Multi-criteria decision-making
PV Present value
PROMETHEE Preference ranking organization method for enrichment

evaluations
RA Risk assessment
RBMCA Risk-based multi-criteria assessment
SWM Solid waste management
WMBG Waste management bargaining game
WTA Willingness to accept
WTP Willingness to pay

Fig. 1. The basic model of the LCA framework.
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it is clear that each decision support framework includes a basic
model serving as a guide, while there are alternative models that
can be developed within a framework, simply by changing (adding
or deleting) either the assumptions and constraints, or the objec-
tives set by decision-makers in the basic model. It should be men-
tioned here that decision support frameworks should not be
confused with ‘‘decision support systems’’, which are defined as:
computer technology solutions that can be used to support complex
decision making and problem solving (Shim et al., 2002; Abeliotis
et al., 2009).

Since the late 1960s, several decision support models have been
applied to the waste management field aiming to support decision-
makers to evaluate complex waste management systems. The re-
cent literature includes various papers examining waste manage-
ment strategies, e.g. Berge et al. (2009) evaluate the impact of
various operational and construction bioreactor landfill strategies
on project economics and Parthan et al. (2012) review current
models (unit-cost, benchmarking and cost modeling), which are
used to estimate costs of SWM in industrial regions. However,
most decision support models applied to the SWM area are mainly
developed within three decision support frameworks, which are
the LCA, the CBA and the MCDM. We refer readers to Morissey
and Browne (2004) for a brief history of the development of deci-
sion support models in the waste management field as well as for a
complete list of software tools available for MCDM and LCA. The
abbreviations used throughout this paper are presented in the fol-
lowing Table 1.

2.1. Life-cycle assessment (LCA) framework

2.1.1. The basic model
The origins of Life Cycle Assessment (LCA) method can be

tracked back to the late 1960s and early 1970s, when several con-
cerns raised over the limitations of raw materials and energy re-
sources (Royston, 1979) as well as over the pollution damage
(EPA, 2006). Since the late 1990s, when solid waste became a
worldwide issue, the LCA is a tool among others, e.g. Environmen-
tal Impact Analysis (EIA), which is mainly used for determination
of the environmental impacts of products (goods or services),
throughout their design, production, usage and disposal activities.
As mentioned by Tukker (2000), there is no fundamental contra-
diction between the LCA and the EIA, as they both evaluate the
environmental impacts arising through a specific societal sub-sys-
tem’s activities. According to the ISO 14000 environmental man-
agement standards that is the ISO 14040 and 14044 (ISO, 2006),
the basic model included in the LCA framework consists of four
steps, which are illustrated in Fig. 1. Rather than provide an ex-
hausted description of the LCA’s basic model, we briefly present
its steps and we refer readers to Rebitzer et al. (2004) and Penning-
ton et al. (2004) for more in-depth analysis of these steps.

(1) In the 1st step of a LCA model that is the goal and scope def-
inition, the system of the examined product is described,
while a functional basis for comparison between alternative
products is chosen and the level of analysis is also defined.

(2) According to the 2nd step, all extractions and emissions are
identified and placed in an inventory list that includes all
inputs and outputs of the examined products.

(3) The 3rd step of the LCA evaluates the significance of poten-
tial environmental impacts arising through the inventory
analysis. Specifically, inventory data are sorted and con-
verted to common equivalence units for each impact cate-
gory (e.g. global climate change, human toxicity,
acidification, etc.), in order to be summed for calculation of
each category’s indicator. A basic formula that can be used
for these calculations is presented in the following equation
(Tukker, 2000):
Si ¼
X

1�j

ðEjÞðeijÞ ð1Þ
where Si denotes the score on impact category, Ej denotes the mag-
nitude of environmental intervention j, and eij is the equivalency
factor indicating the contribution of a single unit of intervention
j to each impact category i.

(4) In the 4th step that is the interpretation, results arising
through the three steps are reported informatively and the
necessity and opportunities in minimizing the product’s
impacts on the environment are discussed.

The literature includes several decision support models that are
developed within the LCA framework (den Boer et al., 2007; Gentil
et al., 2010). Moreover, Winkler and Bilitewski (2007) examine some
widely used LCA models and analyze their advantages and limita-
tions mentioning that most efficient modeling of LCA for waste man-
agement systems can be achieved by using collective experience in a
common software platform, which could be updated providing best
practices in the waste management field. Furthermore, some
remarkable models that have been recently developed within the
LCA framework are the EASEWASTE (Kirkeby et al., 2006; Riber
et al., 2008; Manfredi et al., 2009; Chen and Christensen, 2010), the
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IWM-2 (McDougall et al., 2001), the WRATE (UK Environment
Agency, 2012) and the US EPA (US EPA, 2006).

2.1.2. Strengths of LCA
The primary strength of a LCA model is the simplicity of its frame-

work. Especially for waste management system analysis, LCA pro-
vides a comprehensive view of the processes and impacts involved
(Finnveden et al., 2007). More specifically, the LCA methodology
considers the overall life-cycle of different products identifying their
impact in multiple categories and evaluating their overall environ-
mental behavior. The strengths arising from LCA models that are ap-
plied to SWM systems can be summarized as follows:

� There are long-term benefits in environmental protection from
different options, e.g. waste recycling instead of landfilling.
� A LCA model allows for both environmental improvements and

economic benefits.
� All emissions into land, water and air can be quantified.
� All effects arising through material consumption on humans

and eco-systems are estimated and evaluated.
� Alternative scenarios of an examined waste management strat-

egy can be identified and compared, in order to distinguish the
most suitable scenario.

2.1.3. Weaknesses of LCA
On the other hand, LCA models may include some weaknesses,

e.g. application of LCA models to waste management systems tends
to produce quite diverging and even conflicting results (Heijungs
and Guinee, 2007). According to Villanueva and Wenzel (2007),
the literature in the waste management field includes non-com-
parative LCA models, i.e. there is no comparison between waste
management alternatives. Moreover, the complex reality may not
be included in a waste management LCA model, in which the eco-
nomic and dynamic linear (and non-linear) aspects are usually
simplified (Ekvall et al., 2007). In general, some basic weaknesses
of LCA models can be recognized in the following:

� Development of a comprehensive LCA model is a time-consum-
ing process.
� Even though most LCA models evaluate some identified scenar-

ios, there is always space for additional scenarios that might be
considered.
� The assumptions made in a LCA model, e.g. boundary condi-

tions, data sources, impact assessment criteria and weights
might be subjective, even arbitrary.
� In cases with limitations in the available data, reliability of a

LCA model’s result cannot be achieved.
� LCA does not specifically quantify impacts on eco-systems and

species diversity.

2.1.4. Critical issues in LCA models
In the literature, there are many papers reviewing the critical is-

sues included in LCA models (Cleary, 2009; Gentil et al., 2010;
Villanueva and Wenzel, 2007). Taking into consideration that all
the assumptions used in a LCA can be criticized (Finnveden,
2000; Finnveden et al., 2007), we conclude that the most critical is-
sues in a LCA model are the assumptions used by analysts. Specif-
ically, since different analysts may use different assumptions in a
LCA model for the same product, these assumptions may have a
significant impact on the results provided by each analyst. There-
fore, following the suggestion of Rebitzer et al. (2004), it is impor-
tant to specify clear rules in the LCA framework, in order to use it in
national and international policymaking support. As mentioned by
Villanueva and Wenzel (2007), comparative waste LCAs should in-
clude three assumption categories, which are the system delimita-
tion, the identification of secondary services (energy production,
forestry, disposal capacity, fertilizing value) and the time perspec-
tive. Additionally, in order to verify that the inputs used are correct
as well as to handle with efficiency the uncertainty included in a
LCA model, it is also suggested that scenario analysis (Finnveden
et al., 2009), or/and sensitivity analysis (Ong et al., 2012), or/and
risk assessment (RA) (Kirkeby et al., 2006; Rentizelas et al., 2009)
should be performed by analysts.

2.2. Cost–benefit analysis (CBA) framework

2.2.1. The basic model
As early as 1808 the basic concept of comparing cost and benefits

in water related projects has been first proposed in the USA, while
the CBA framework has been established in the early 1900 and has
been developed rapidly since the 1950s (Hammond, 1966; Hanley
and Spash, 1993). CBA is regarded as the main investment evaluation
technique, through the quantitative summation of the investment’s
anticipated impacts on consumption benefits and resource costs (Al-
mansa and Martínez-Paz, 2011). In general, projects are examined in
a case-by-case basis, as the environmental benefits and costs are cor-
related with the project scope. For instance, most benefits of invest-
ments in the SWM area usually arise through environmental
protection, e.g. saving of groundwater resources and limitation of
CO2 emissions (Karmperis et al., 2012a). Moreover, as mentioned
by Lavee (2010) and Nahman (2011), the decision depends primarily
upon the valuation of the non-market costs and benefits as the deci-
sion-making on waste management options should be based on the
overall net benefits and costs to society, e.g. although recycling costs
more than the conventional landfilling method, however it should be
preferred as provides more environmental benefits. Fig. 2 illustrates
the basic model of the CBA framework (EC, 2008), which has six basic
steps as follows:

(1) In the 1st step, the socio-economic context is discussed, while
the project objectives are clearly defined. It should be men-
tioned that these objectives should be in accordance with
the National framework, a fact that should be also analyzed.

(2) In the 2nd step that is the clear identification of the project, a
CBA should include a description of the project’s life cycle
phases (design – implementation – operational – closure),
in which the connectivity with other projects should be
identified and analyzed. In this context, all indirect and net-
work effects as well as the level of analysis should be also
discussed, i.e., it should be clear whose costs and benefits
are going to be considered in the specific model.

(3) The 3rd step includes the study of the feasibility of the pro-
ject, in which the availability of the appropriate technology
and personnel skills as well as the adequacy of the demand
are demonstrated. Furthermore, this step includes the eval-
uation of two different scenarios, which are the scenario
with the investment and the scenario without it (Beria
et al., 2012). In the SWM area, there is usually a set of project
alternatives, which should be identified and examined by
the investment analysts (see applications in Dijkgraaf and
Vollebergh, 2004; Aye and Widjaya, 2006; Lavee, 2010; Kar-
mperis et al., 2012a).

(4) In the 4th step, financial analysis is implemented by follow-
ing the discounted cash flow analysis (DCFA) using a finan-
cial discount rate. More specifically, the spreadsheets that
are commonly used include estimations of investment and
operational costs as well as of project revenues. These
spreadsheets take into consideration the financing sources
and compute the project financial indicators, in order to
examine the project’s financial sustainability (Karmperis
et al., 2012b) and the project financial impact on the national
(public or/and private) investors.
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(5) Economic analysis is the 5th step of the basic CBA model. In
this step, market prices are converted to accounting ones,
while all project externalities and nonmarket impacts are
monetized. However, the discount rate used in computa-
tions is the social discount rate reflecting the social view
on how net future benefits should be valued against present
ones. According to this procedure, the analysis calculates the
economic performance indicators, which are the economic
net present value, the economic rate of return and the
benefit–cost (B/C) ratio. It should be mentioned that in
investment assessment, there are three different types of
B/C ratios that can be used, which are the conventional
B/C, the modified B/C and the Lorie-Savage B/C ratio (see
Remer and Nieto, 1995; Biezma and San Cristobal, 2006).
Main difference among these ratios is that there are differ-
ent variables considered in the numerator and denominator
and thus there are different evaluation criteria, i.e. B/C > 1,
or B/C > 0, etc. However, taking into consideration that the
most common and widely applied type is the conventional
B/C ratio that includes all investment benefits in the numer-
ator and the relative costs in the denominator, i.e. B/C > 1
implies positive project evaluation, it is suggested that this
specific type should be used in future CBA models. Specifi-
cally, conventional B/C ratio is the ratio of the present value
(PV) of project inflows (summary of the total revenues and
positive externalities), which is divided by the PV of project
outflows (summary of the total costs and negative external-
ities), over the investment’s time horizon (EC, 2008;
Nahman, 2011; Karmperis et al., 2012a):
B=C ¼ PVinflows=PVoutflows ð2Þ
According to the basic model of the CBA framework, the crite-
rion for evaluation result to be positive for a specific project, the
value of the B/C ratio is to be higher than unity i.e. 1. If B/C > 1, then
the project is feasible, as the benefits, measured by the PV of the
total inflows, are greater than the relative costs, measured by the
PV of the total outflows.

Risk assessment: The last step of the CBA is the risk assessment
(RA) and consists of studying the probability that the selected op-
tion will achieve an accepted performance. Initially, this assess-
ment includes the sensitivity analysis, in which the critical
variables impacting mostly the financial/economic performance
indicators are identified and different realistic scenarios are ana-
lyzed. Further, a probability distribution is assigned in each critical
variable, in order to calculate the cumulative distributions of the
performance indicators, to analyze the results and to propose ac-
tions for risk mitigation.

2.2.2. Strengths of CBA
The main strength of a CBA model is that satisfies the axiom

of rational behavior (Tol, 2003), by measuring the social worth
of investment projects and policies. According to the basic CBA
model, main concept is that costs present the losses, while ben-
efits present the relative gains (welfare and utility) in human
wellbeing. More specifically, benefits and costs are measured by
how much an individual is willing-to-pay (WTP) to secure gains
or willing-to-accept (WTA) in compensation to tolerate losses
(Pearce, 1998; Aravossis and Karydis, 2004; Pearce et al., 2006).
Moreover, other strengths of CBA models can be found in the
following:

� Both direct and indirect long-term impacts (either positive or
negative) are taken into account through their summation.
� The uncertainty included in the project’s performance can be

handled with efficiency through a comprehensive risk
assessment.
� A CBA model allows for identification and evaluation of differ-

ent technical options for the examined project implementation
(for instance in a SWM project, the incineration option with and
without energy recovery).
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� CBA models examine the project performance on behalf of both
the project operator and the society through the financial anal-
ysis and the economic analysis, respectively.

2.2.3. Weaknesses of CBA
Moreover, there are some weaknesses identified in models

developed within the CBA framework. Particularly, when applying
CBA models to SWM systems, common problems can be summa-
rized in the following:

� Valuing non-market goods can be complicated, e.g. in landscape
and wildlife.
� A comprehensive CBA model for a SWM system can be time-

consuming.
� There is much difficulty in measuring the project’s benefits and

costs regarding impacts in ecosystems, due to complexity of
these systems.
� Values of the variables used in the financial/economic analysis

may have a high non-forecasted variation throughout the waste
programme life-cycle, changing the preferred option, e.g.
changes in landfill costs may impact on how much waste is
recycled (Morissey and Browne, 2004).

2.2.4. Critical issues in CBA models
In the literature, several papers include reviews of the CBA

framework, e.g. Bleichrodt and Quiggin (1999) highlight under
which conditions CBA models give the same results with the rela-
tive models developed within the cost-effectiveness analysis (CEA)
framework. Prest and Turvey (1965) survey CBA methods and
mention that measuring benefits is much more complicated than
the relative measuring of costs. However, this procedure is much
easier, when the goods provided are in the nature of private goods
and provision is through public sale, so that benefits can be mea-
sured by market prices (Musgrave, 1969). More recently, Almansa
and Martínez-Paz (2011) examine how CBA models should dis-
count or, in effect, weight environmental impacts, and Pickin
(2008) reviews some waste policy’s CBA applications mentioning
their variations in critical areas. Indisputable, one critical issue of
a model implemented within the CBA framework is the discount
rate used (Prest and Turvey, 1965), as a decision based on a specific
social discount rate may violates the rights of future generations
(see example in Hanke and Walker, 1974). Another critical issue
is the level of analysis considered in a CBA model. Specifically,
the level of analysis should be clear enough, in order to measure
with the highest accuracy the environmental benefits and costs.
For instance, if the level of analysis in a CBA model is limited in a
specific area and the project has a global impact (either positive
or negative) on the environment, e.g. through climate change, then
the project environmental benefits (or costs) will be considered
proportionally to the local level (Campbell and Brown, 2005), i.e.
the project externalities in other areas may not be accounted. Con-
clusively, although some scholars indicate that it is impossible to
price the priceless values of life, health and nature (Ackerman
and Heinzerilng, 2002), CBA models can be useful in organizing
public investments (Hanke and Walker, 1974). As mentioned by
Turner (2007), who reviews the role of CBA in UK and European
environmental policy appraisal, the basic model of the CBA frame-
work has a number of indisputable limitations; however it still
Fig. 3. The basic model of t
plays an important role in environmental policy assessment, while
it can be a useful component in a wider decision support model
that will be developed.

2.3. Multi-criteria decision-making (MCDM) framework

2.3.1. The basic model
In most cases, models developed within the MCDM framework

consist of processes with specific steps that can be followed by
decision makers, in order to analyze and evaluate alternative solu-
tions of a problem. The environmental literature includes various
MCDM models classified in three basic approaches, which are the
Multi Attribute Utility Theory (see Wallenius et al., 2008), the Ana-
lytic Hierarchy Process (AHP) (Saaty, 1978) and the analytic net-
work process (see Promentilla et al., 2006) as well as the
Outranking, e.g. the PROMETHEE (Brans and Vincke, 1985) and
the ELECTRE (Roy and Vanderpooten, 1996) models. We refer read-
ers to Linkov et al. (2004) and Huang et al. (2011) for detailed dis-
cussions over the similarities and differences among these models.
Over recent years, these models have been widely applied to prob-
lems regarding waste management systems (see for example Ara-
vossis et al., 2001; Hung et al., 2007; Ohman et al., 2007; Khan and
Faisal, 2008; Hsu et al., 2008; Garfi et al., 2009; Sener et al., 2010;
Karagiannidis et al., 2010; De Feo and De Gisi, 2010a; Lin et al.,
2010). However, the basic model included in the MCDM frame-
work can be presented in the following steps (Mourits and Oude
Lansink, 2006), which are illustrated in Fig. 3:

(1) In the 1st step, the objectives of the MCDM should be clearly
defined, in order to establish the decision context. These
objectives have to be specific, realistic and measurable, in
order to identify all options satisfying them.

(2) According to the 2nd step, all options that satisfy the project/
program objectives are identified, e.g. a municipal waste
treatment project can be implemented through landfilling,
or/and recycling and landfilling, or/and recycling and incin-
eration without energy production, or/and incineration with
electricity or/and heat production, etc.

(3) In the 3rd step, decision makers define the evaluation crite-
ria reflecting performance in meeting the objectives and fur-
ther they assign the weight values (priorities) in each
criterion.

(4) In the last step, the alternatives’ scores are computed so as
decision-makers can have a comparable view of the alterna-
tives, in order to evaluate them and to select the preferred
one (the solution is selected according to the criteria used
as well as their weight values).

2.3.2. Strengths of MCDM
The strengths of models that are developed within the MCDM

framework can be stated as:

� There are multiple conflicting criteria that can be formally
incorporated into the management planning process (Kou
et al., 2011).
� Models developed within the MCDM framework can use not

only quantitative but also qualitative criteria for the evaluation
of a SWM project’s alternatives (Linkov et al., 2006).
he MCDM framework.
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� In most cases, MCDM models are flexible, as there are alterna-
tive categories of evaluation criteria that can be used, such as
economic, environmental and technical criteria (Linkov et al.,
2009).
� The majority of MCDM models that are used by a single deci-

sion-maker, can be easily expanded in group decision-making
models, simply by assigning weights in each decision-maker’s
outcome, so as the overall result will take into account all par-
ticipants’ preferences.
� Even though application of different MCDM models to the same

problem may result in different prioritization of management
alternatives, the top few alternatives are the same no matter
which MCDM model is used (Huang et al., 2011).

2.3.3. Weaknesses of MCDM
Moreover, the main weaknesses of MCDM models when apply-

ing to SWM systems are the following:

� There are few models developed within the MCDM framework
that take into consideration the impact of risks that may be
posed in the project alternatives (Karmperis et al., 2012a).
� In the waste management field, MCDM models evaluate only

the alternative solutions and do not provide any information
for waste minimization and waste prevention (Morissey and
Browne, 2004).
� Since the evaluation result can be changed when different crite-

ria or/and criteria weight values are used, the selection of eval-
uation criteria to be used and especially the assignment of
weights in each criterion can be highly subjective.

2.3.4. Critical issues in MCDM models
From the above, it is clear that the most critical issues in a

MCDM model are the evaluation criteria set by the decision makers
and specifically the weight assigned in each criterion. Furthermore,
it should be mentioned that according to the flexibility of the
MCDM framework, MCDM models can be very simplistic if they
do not consider all aspects of the problem and on the contrary
can be very complicated when they take too many aspects into ac-
count. Conclusively, in order to be useful to decision-makers, mod-
els developed within the MCDM framework should be supported
with the contribution of experts when needed, while they should
be flexible enough to consider preferences from different stake-
holders, in order to become as transparent as possible. Moreover,
since there is additional research needed to acquire further knowl-
edge and understanding of different types of uncertainty inherent
in environmental decision-making (Ascough et al., 2008), it is sug-
gested that future models developed within the MCDM framework
should take into account the risks that may be posed in the alter-
natives examined.
3. Combinations and extensions of LCA–CBA–MCDM

One similarity of the aforementioned frameworks is that the
decision can be based not only on economic terms, since the envi-
ronmental impacts can be also taken into account; however, no
framework considers environmental, economic and social aspects
together in the application of the model (Morissey and Browne,
2004). Moreover, a common weakness is that all assessment tech-
niques require contribution of experts in several disciplines. An-
other similarity is that in models developed within the LCA and
MCDM frameworks, the selection of the assessment criteria and
particularly the weights assigned in each criterion are highly sub-
jective, because different analysts in a LCA model or in a MCDM
model would probably select different alternatives. On the other
hand, subjective can also be the valuation method used in a CBA
model, in order to monetize non-market values. Furthermore, sim-
ilarly with the LCA, in which a product is examined in a specific
time horizon, a project evaluated within the CBA framework is
examined in a specific time horizon too, namely the project’s
life-cycle. In both cases, every product/project has a ‘‘life’’ starting
with the development/design phase, followed by the production/
implementation phase, the use/operational phase, and the product
end of life/project close phase.

In general, an effective way to overcome weaknesses of the basic
models developed within specific frameworks, is to combine them
developing extended models, in order to maintain their strengths,
e.g. see Xu et al. (2009), Li et al. (2011), and Sun et al. (2012) with
applications of the coupled fuzzy flexible programming and the
internal-parameter linear programming models to waste manage-
ment systems. According to Tudela et al. (2006), a CBA model can
be effectively combined within the MCDM framework, while Linkov
and Seager (2011) suggest that LCA and MCDM combination pro-
vides a flexible strategy for decision-makers. In recent literature,
there are several papers combining the LCA, CBA and MCDM frame-
works (Duinker and Greig, 2007; Benedetti et al., 2008; Carter and
Keeler, 2008; Lee et al., 2009; Karmperis et al., 2012a). Moreover, a
MCDM model can be effectively applied to weighting and summing
results of a LCA model into a single index (Hermann et al., 2007),
while decision support models for SWM can be linked with eco-
nomic, engineering and risk assessment models (see examples in
Nakanishi et al., 2003; Eriksson and Bisaillon, 2011). As mentioned
by Gouldson et al. (2009), there is a need to develop reliable and
responsive models of risk assessment and monitoring, in order to
embed these models within organizations and making them fit for
purpose (Pollard et al., 2004, 2008).

Conclusively, it is difficult to distinguish one decision support
framework as the most suitable for all SWM systems. Since all
waste management strategies are examined in a case by case basis,
it is crucial to identify and to develop a decision support model
that fits best in the objectives of each decision-making process.
Therefore, it is clear that the selection of the most appropriate
framework and further the choice of an existed model or the devel-
opment of a new model combining the basic models included in
the main decision support frameworks, should be based on the
scope of evaluation.
4. Game-theoretic approaches in decision support models for
SWM

4.1. Stakeholders in waste management systems

Over the last decade, the waste management literature includes
several decision support models developed within the aforemen-
tioned frameworks. However, a decision-making problem has
more than one objective to achieve, while there is always a
trade-off between the different objectives, advocated by different
interest groups or stakeholders. Specifically, a stakeholder is any
group or individual that can affect, or is affected by the achieve-
ment of a SWM system’s objectives. The MCDM is proposed as a
useful framework for the introduction of the stakeholder concept
(Banville et al., 1998), e.g. Garfi et al. (2009) and De Feo and De Gisi
(2010a) develop MCDM models considering the stakeholder pref-
erences for assigning values in the criteria weights. In the CBA,
stakeholders’ preferences can be taken into account through the
WTP/WTA surveys; however, as mentioned by Weng and Fujiwara
(2011), these surveys should be conducted routinely, in order to re-
flect the dynamic changes of the public consciousness in the anal-
ysis outcomes.

Moreover, since there are environmental, economic or social
externalities arising from a SWM system operating in a specific
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area, or from the respective systems that are used in the neighbor-
ing areas, it is concluded that decision-making over SWM systems
should be expanded among several groups of stakeholders, who
have to be included from the very beginning of a waste manage-
ment process (BDI, 1999). Environmental protection within waste
management systems at present to meet sustainability goals in
the future (Pires et al., 2011), requires collective actions between
various stakeholders, while collaboration occurs within the context
of cooperative work and is defined as: multiple individuals working
together in a planned way in the same production process or in differ-
ent but connected production processes (Wilson, 1994). However, as
mentioned by Thorneloe et al. (2007) and De Feo and De Gisi
(2010b), communities may have different preferences over envi-
ronmental protection, e.g. one may have greater concern over air
quality issues whereas others may value water quality more. In re-
cent papers examining the attitude of communities towards SWM
systems, Yau (2010) analyzes the behavior of domestic waste recy-
cling from a rational choice perspective and Kurisu and Bortoleto
(2011, 2012) compare the waste prevention behaviors among
three megacity regions demonstrating the different preferences
among different groups of stakeholders. Specifically, these stake-
holders can be different nations, or different public authorities,
or municipal authorities and citizens, in a regional, national, and
local level, respectively. Cooperation between two or more stake-
holders implies a voluntarily arrangement, in which they engage
having mutually beneficial exchange. In such multi-stakeholder
cooperative situations where the outcome depends on the choice
made by every party, game theory can be effectively applied (Nag-
arajan and Sosic, 2008).

In the literature, several game-theoretic models are applied to
negotiations regarding environmental problems and particularly
to International Environmental Agreements (IEAs) (see Weikard
and Dellink, 2010; McGinty et al., 2012). Moreover, cooperative
game-theoretic approaches are used to modeling negotiations over
the sharing of costs and benefits in brownfields redevelopment
(Wang et al., 2007, 2011), in water resource sharing (Ozelkan
and Duckstein, 1996; van den Brink et al., 2012) and in hydro-
power licensing (Madani, 2011). Kołodziej (2007) analyze the
water resource systems when there is disagreement of the inter-
ests of users, who seek minimizing the costs connected with the
responsibility for the pollution of the natural environment. In the
SWM area, Hideshima et al. (1999) present a game-theoretic ap-
proach analyzing coalition formation among Japanese cities, which
cooperate in the reusing of waste soil for construction and Jørgen-
sen (2010) studies a waste disposal game among three neighboring
regions. Taking into consideration that cooperative game theory
can provides the basis for choosing satisfactory SWM alternatives
(Cheng et al., 2002), cooperative game-theoretic models can be
used to analyze the stability of agreements through the fair distri-
bution of the costs and benefits arising from environmental poli-
cies (Bahn et al., 2009), and particularly from the solid waste
policy (Moretti, 2004; Johansson-Stenman and Konow, 2010).
Clearly, a game-theoretic model can improve the sustainability of
a SWM system, since it considers the fair distribution of benefits
and costs among stakeholders, namely the government, the local
authorities, the technical experts and the community.

4.2. Waste management bargaining game (WMBG) framework

Generally, even though insights from game theory are recorded
in two Plato’s texts, namely the ‘‘Laches’’ and the ‘‘Symposium’’
(see Ross, 2010), the mathematical context of game theory has
been established by von Neumann and Morgenstern (1944). In its
current form, game theory is a collection of mathematical models
to analyzing situations of conflict and cooperation and thus, it is di-
vided in two categories that is the non-cooperative and coopera-
tive game theory. The main difference among these types is that
in non-cooperative games players make decisions independently,
while in cooperative games the basic unit of analysis is on sets of
players (Maskin, 2011). Herein, we focus on the cooperative part
of game theory and specifically on the waste management bargain-
ing game (WMBG) framework, in which alternative decision sup-
port models can be developed.
4.2.1. The basic model
This section presents the basic model of the WMBG framework.

This model addresses the problem where a finite set of stakehold-
ers, namely players N = {1, 2, 3, . . . , n}, negotiate over a surplus
yielded through SWM systems. In such cases, the participants’
objectives are partially cooperative, as they aim at reaching an
agreement regarding a SWM system, and partially conflicting, be-
cause each player has its own utility function regarding the nego-
tiation outcome. Indicatively, some examples of bargaining over
different aspects of SWM systems are following presented:

� In the case where the set N consists of public authorities who
negotiate over the division of the national SWM system’s costs,
then each player wants to maximize her own utility by mini-
mizing the cost allocated to her.
� Another example is the case where a set of nations negotiate

over their common strategies in management and disposal of
toxic substances, which can affect ecosystems and human pop-
ulations far from the point of use or disposal. On one hand, the
utility for a nation that uses toxic substances for industrial pur-
poses is increased, as far as the negotiation outcome does not
prohibits the use of these substances. On the other hand, the
relative utility for the neighbored nations which may not use
toxic substances is increased, in proportion to the strictness of
the rules for their disposal.

More specifically, taking into consideration that any rational
player seeks to maximize her own utility by proposing a specific
strategy in a negotiation, it is concluded that there is conflict of
interests and alternative bargaining outcomes may be realized.
Therefore, for the purpose of modeling and analyzing decision-
making in such multi-player bargaining cases, WMBG framework
can be a natural choice. The following assumptions are used in
the basic model of the WMBG:

(1) Each player is faced with a set S of feasible bargaining out-
comes, any of which presents the result if all participants
agree upon.

(2) It is assumed that S, (which is illustrated in Fig. 4 as a sub-set
of R2 for the two-player bargaining case), is closed, convex,
non-empty and bounded.

(3) The set of players N is called the grand-coalition, while any
subset in which the N can be divided, is called coalition
(Renna and Argoneto, 2011), and a coalition with just one
player is called singleton (Karmperis et al., 2012c,d). Specif-
ically, if players do not agree in a bargaining outcome, then
sub-coalitions of N may form and each player gets a specific
payoff that is the disagreement point, i.e. each player
receives what it could obtain through the non-cooperative
option. Let d e S denotes the disagreement point.

The basic model of the WMBG framework can be defined by a
pair (N, p), where p : 2N ! R with p(Ø) = 0, is the characteristic
function representing the collective payoff for players forming
the grand-coalition (Guardiola et al., 2007). Moreover, the solution
provided by this model is a vector x 2 RN representing the alloca-
tion of the overall profit/cost p(N) to each player.



Fig. 4. Illustration of feasible, individual rational and Pareto-efficient solutions.
Fig. 5. Illustration of the symmetric solution.
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4.2.2. Axioms – Nash bargaining solution and Shapley value
In cooperative game theory, solutions are mainly characterized

by using axiomatic approaches, i.e. in terms of natural axioms that
are satisfied. The most widely used solutions, which can be used in
a model developed within the WMBG framework, are the Nash
bargaining solution and the Shapley value. These solutions are de-
fined by specific axioms, as follows:

Axiom 1 (Feasibility). As presented in Fig. 4, a solution provided
through a WMBG model is feasible, if the payoff vector x allocates
the value yielded through cooperation, according to following
inequality:

Xn

i¼1

xi 6 pðNÞ ð3Þ
Fig. 6. Illustration of the axiom independence of irrelevant alternatives.
Axiom 2 (Pareto efficiency). Moreover, in the case that the payoff
vector x allocates exactly the overall value, then the solution is Par-
eto-efficient:
Xn

i¼1

xi ¼ pðNÞ ð4Þ

Pareto efficiency implies that there are no Pareto improvements
that can be made in the allocation, i.e. for any other allocation
y – x, with which at least one player i e N is better off, there is at
least one other player j e N worse off (see Pareto frontier in Fig. 4).
Axiom 3 (Individually Rationality). As can be seen in Fig. 4, each
player i e N, should gets at least as it could obtain through the
non-cooperative option, i.e. 8 i ¼ 1;2; :::; n:

xi P pðiÞ ð5Þ
Axiom 4 (Symmetry). According to the axiom of symmetry, if
players forming a grand-coalition have symmetric utility functions,
then they should receive equal allocations of the profit/cost. Fig. 5
illustrates the symmetric solution for the two-person model, while
for models with more than two players where all players i, j e N,
are identical, we have the following equation:
xi ¼ xj ð6Þ
Axiom 5 (Independent of Irrelevant Alternatives). This axiom
implies that if the solution x 2 RN is the bargaining outcome
among the set of feasible outcomes S, then for all other sub-sets
of S containing x, the specific vector x will be again the bargaining
outcome, as presented in the following Fig. 6.
Axiom 6 (Scale Invariance). This implies that the solution x is inde-
pendent of the scale that is used in measuring the players’ utilities,
i.e. if we multiply the utilities of all players i = 1, 2, 3, . . . , n by con-
stants (a1, a2, a3, . . . , an), then we have the feasible set S’ and we get
the relative solution x’ through the multiplication of the players’
coordinates by these constants (Jain and Mahdian, 2007).
Axiom 7 (Coalitionally Rational). This axiom implies that there is
no coalition which has an incentive to quit the grand-coalition,
as it is worse off to act independently. Specifically, a payoff vector
x = (x1, x2, x3, . . . , xn), where xi P 0 and

Pn
i¼1xi ¼ pðNÞ, is coalition-

ally rational, if for all sub-coalitions M � N, there are Eqs. (7.1) and
(7.2), for the profit and the cost game, respectively:

X

i2M

xi � pðMÞ ð7:1Þ
X

i2M

xi � pðMÞ ð7:2Þ
Axiom 8 (Additivity). If for a given set of players N we have more
than one cooperative bargaining games defined by pairs: (N, p1), (N,
p2), . . . , (N, pm), then for the single game (N, p1 + p2 + � � � + pm) that
is defined by: (p1 + p2 + � � � + pm) (M) = (p1) (M) + p2 (M) + � � � + pm

(M) for each coalition M, the value allocated in each player i is
given:
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xiðN; p1 þ p2 þ � � � þ pmÞ ¼ xiðN;p1Þ þ xiðN;p2Þ þ � � � þ xiðN;pmÞ:
Fig. 8. Solution with a game-theoretic approach.
Axiom 9 (Dummy player). This axiom implies that if one player i is
dummy that is: pðM [ iÞ � pðMÞ ¼ 0, 8M � N, then no value will be
allocated to her: xi (p) = 0.

A formal solution, which can be used in models developed with-
in the WMBG framework, was first proposed by Nash (1950), and it
is called the Nash bargaining solution. This solution is unique in
satisfying Axioms 1–5, i.e. feasibility, Pareto optimality, symmetry,
independence of irrelevant alternatives and independence of
equivalent utility representations. According to Roth (1979), who
presents in detail all axioms used by Nash, the specific solution
is the function that maximizes the geometric average of the play-
ers’ gains through the agreement, instead of settling for the dis-
agreement point d. Specifically, as illustrated in Fig. 7, the Nash
bargaining solution for a two-person bargaining game, is the solu-
tion maximizing the product of the excesses: (u1 � d1) (u2 � d2),
subject to constraints: u1 P d1, and u2 P d2.

For example, let’s consider a case where a local authority repre-
senting the citizens and the manager of the local waste treatment
plant negotiate over the service fee ($/ton of waste treated in the
plant). It is assumed that the monetary cost for the plant operator
is 100 $/ton and the WTP of the citizens is estimated through a sur-
vey at 150 $/ton. Following the WMBG model, the local authority
knows that the cost is less than 150 $/ton and the plant manager
knows that the value is greater than 100 $/ton. So long as the play-
ers differ over which service fee is most suitable, there is a need for
negotiation over which outcome should be agreed upon. If players
are rational then they seek to maximize their own utility. That is,
the plant manager and the local authority seek 150 and 100 $/
ton as a service fee, respectively, i.e. there is a surplus of 50 $/
ton, which should be divided among them. This surplus is gener-
ated when both players agree at a specific service fee, and thus
the disagreement outcome is (d1, d2) = (0, 0). As presented in
Fig. 8, if players have symmetric utility functions, then the Nash
bargaining solution for the surplus division is (u1, u2) = (25, 25),
i.e. the service fee that will be paid is 125 $/ton.

Moreover, the WMBG can be effectively applied to negotiations
between a local authority and citizens regarding the location of a
waste disposal site (see example in Binmore, 2005). It is mentioned
that on the contrary with other modeling approaches (LCA, CBA,
MCDM) that can be followed in these cases, the WMBG approach
should be considering as more sustainable, since it takes into ac-
count not only environmental and economic but also social
aspects.
Fig. 7. Illustration of the Nash bargaining solution.
Another solution that can be used in WMBG models is the Shap-
ley value (Shapley, 1953), which provides a specific concept in ana-
lyzing how coalitional powers impact all the possible cooperative
game outcomes. Specifically, in a bargaining problem, the Shapley
value allocates a specific value to all players included in the grand-
coalition, by taking into consideration the marginal contribution of
each player i to the worth of each coalition M that is a subset of N.
Specifically, Shapley showed that the Axioms 2, 4, 8 and 9, i.e. effi-
ciency, symmetry, additivity and dummy player, are satisfied by a
unique value for each player, which is computed through the fol-
lowing equation:

xiðpÞ ¼
X

M�Nfig

jMj!ðn� jMj � 1Þ!
n!

ðpðM [ figÞ � pðMÞÞ ð8Þ
4.3. Future models within cooperative and non-cooperative game
approaches

As mentioned above, models including cooperative behavior
among stakeholders seem to be a natural choice to model deci-
sion-making in bargaining over any aspect of SWM systems. Taking
into consideration that the Nash bargaining solution can be easily
expanded in n-stakeholders, with n > 2 (Harsanyi, 1959, 1963),
while the main advantage of the Shapley value is that it provides
a ‘‘fair’’ solution that always exists and is unique, we conclude that
both solutions concepts can be very useful if applied to models
developed within the WMBG framework. Other fair solution con-
cepts included in the literature are the solution of von Neumann
and Morgenstern (1944), the core (Gillies, 1959) and the Nucleolus
(Schmeidler, 1969). Specifically, due to the fact that the basic no-
tion in SWM is sustainability, this can be achieved when decision
support models developed within the WMBG framework provide
solutions that are considered to be fair for all stakeholders (see
application in Karmperis et al., 2012c).

On the other hand, there are several opportunities to develop
decision-support models for SWM within non-cooperative game-
theoretic approaches, where the concept of Nash equilibria (Nash,
1951) is of significant importance (Binmore, 2011). Specifically, as
mentioned by Weibull (1996) for the mass-action interpretation, if
a specific non-cooperative game is played repeatedly by individual
players who are drawn at random from large populations, then
their best reply strategies will vary over time by adjusting their
preferences to whatever is currently being played in the popula-
tion at large. In other words, a decision support model for SWM
should aim to identify the waste management strategy that forms
an equilibrium point in each population of stakeholders, in order to
increase the sustainability of the overall SWM system.
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However, as happens with the decision support models devel-
oped within the LCA framework, crucial in game-theoretic models
are the assumptions used by analysts. It should be noted here that
a decision support model that will be developed within a game-
theoretic framework (either cooperative or non-cooperative)
should include realistic assumptions, in order to avoid criticisms
over its subjectivity and also to has wider application to different
SWM systems.
5. Conclusions

The development of decision support models for sustainable
SWM is one of the most widely examined topics over the last dec-
ades. This paper reviews the current literature focusing on three
basic frameworks, in which alternative decision support models
can be developed. Specifically, the basic models included in LCA,
CBA and MCDM frameworks are presented, while their strengths
and weaknesses as well as their similarities are also discussed. In
summary, the following outcomes can be pointed out:

� The most critical issues, which are included in decision support
models developed within these frameworks, and should be
addressed by decision-makers are the following:
(i) In LCA models, most critical issues are the assumptions

used by analysts.
(ii) In CBA models, crucial are the selection of the discount

rate and the level of analysis.
(iii) Most critical issues in models developed within the MCDM

framework are the selection of evaluation criteria and fur-
ther the selection of the criteria weight values.

� Since all frameworks have shortcomings, it is suggested that
future models can be developed combining suitably the LCA,
CBA and MCDM frameworks, in order to maximize their
strengths or/and minimize their weaknesses.

Additionally, since there are various groups of stakeholders
(groups or individuals with conflict of interests) who are involved
in SWM systems, the game-theoretic approach is proposed as a
sustainable way to model and analyze decision-making in multi-
stakeholder situations. The WMBG is presented as a specific deci-
sion support framework, in which various decision support models
can be developed. Particularly, in cases where different stakehold-
ers negotiate over any aspect of a SWM system, future models can
use the axiomatic approaches included in the Nash bargaining
solution or in the Shapley value, in order to present the most sus-
tainable solution for the gains or losses allocated among all stake-
holders. Future papers can be focused on non-cooperative game-
theoretic approaches by developing decision support models,
which will identify the waste management strategies that form
equilibrium points, in order to increase the sustainability of the
overall SWM system.
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