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Abstract

In this study, a two-stage fuzzy robust integer programming (TFRIP) method has been developed for planning envi-
ronmental management systems under uncertainty. This approach integrates techniques of robust programming and
two-stage stochastic programming within a mixed integer linear programming framework. It can facilitate dynamic anal-
ysis of capacity-expansion planning for waste management facilities within a multi-stage context. In the modeling formu-
lation, uncertainties can be presented in terms of both possibilistic and probabilistic distributions, such that robustness of
the optimization process could be enhanced. In its solution process, the fuzzy decision space is delimited into a more robust
one by specifying the uncertainties through dimensional enlargement of the original fuzzy constraints. The TFRIP method
is applied to a case study of long-term waste-management planning under uncertainty. The generated solutions for con-
tinuous and binary variables can provide desired waste-flow-allocation and capacity-expansion plans with a minimized sys-
tem cost and a maximized system feasibility.
� 2007 Published by Elsevier B.V.
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1. Introduction

In municipal solid waste (MSW) management systems, there are many processes that should be considered
by decision-makers, such as waste collection, transportation, treatment and disposal (Wilson, 1985). More-
over, many system parameters such as waste-generation rate, facility capacity, diversion goal and waste treat-
ment cost, as well as their interrelationships, may appear uncertain. Furthermore, these complexities and
uncertainties may be multiplied by not only dynamic features of the system but also the associated economic
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penalties if the promised targets are violated. Therefore, incorporation of various uncertainties and complex-
ities within a general management framework is desired to evaluate the effects of various solid waste manage-
ment policies.

Most of the previous methods dealing with the complexities in waste management planning include fuzzy,
stochastic and interval mathematical programming (abbreviated as FMP, SMP and IMP) (Kirca and Erkip,
1988; Baetz, 1990; Thomas et al., 1990; Chang and Wang, 1995, 1997; Leimbach, 1996; Chang and Lu, 1997;
Chang et al., 1997; Huang et al., 1992, 1993, 1995, 2001, 2002; Chanas and Zielinski, 2000; Maqsood and
Huang, 2003). Among them, flexible programming (FP) is a typical FMP method, which could deal with deci-
sion problems under fuzzy goal and constraints. In the FP, the flexibility in the constraints and fuzziness in the
objective, which were presented by fuzzy sets and denoted as ‘‘fuzzy constraints’’ and ‘‘fuzzy goal’’ respec-
tively, were introduced into conventional mathematical programming models (Zimmermann, 1985). For
example, Huang et al. (1995) proposed a grey fuzzy integer linear programming method for MSW manage-
ment, which could tackle uncertainties presented in fuzzy and interval forms and could facilitate dynamic
analyses of capacity-expansion decisions. Chang and Wang (1997) proposed a fuzzy goal programming model
to evaluate the compatibility of waste recycling and incineration in the planning of MSW management sys-
tems. Chang et al. (1997) proposed a fuzzy interval multi-objective mixed integer programming model for
the evaluation of strategies for solid waste management. However, the FP methods had difficulties in handling
ambiguous coefficients in the objective function and constraints (Dubois and Prade, 1980).

Consequently, the robust programming (RP), which was based on fuzzy set theory, was proposed for
reflecting the ambiguous coefficients in the optimization model as well as the vague information of decision
makers’ implicit knowledge (Watkins and Mckinney, 1995; Rapoport, 1995; Luhandjula and Gupta, 1996;
Vassiadou-Zeniou and Zenios, 1996; Kunjur and Krishnamurty, 1997; Ben-Tal and Nemirovski, 1998,
1999, 2002; Dupacova, 1998; El Ghaoui and Seigneuret, 1998; El Ghaoui et al., 1998; Inuiguchi and Sakawa,
1998; Dubois and Prade, 1999a,b,c; Ben-Tal et al., 2000; Liu et al., 2003). The RP improves upon the FP by
allowing all fuzzy parameters in the constraints to be represented by possibilistic distributions. It could effec-
tively handle uncertainties in both left- and right-hand side coefficients (in the constraints) as represented by
possibilistic distributions. Moreover, the RP delimits an uncertain decision space by specifying uncertainties
through dimensional enlargement of the original fuzzy constraints, and thus enhances the robustness of the
optimization process. However, the main limitations of this method remain in its difficulties in tackling uncer-
tainties expressed as probabilistic distributions in a non-fuzzy decision space and in providing a linkage
between the pre-regulated policies and the associated economic implications.

Two-stage stochastic programming (TSP) is effective for handling optimization problems where an anal-
ysis of policy scenarios is desired while the model’s right-hand side uncertainties are expressed as probability
distributions. The fundamental idea behind the TSP is the concept of recourse, which defines the ability to
take corrective actions after a random event has occurred. In TSP, a decision is firstly undertaken before
values of random variables are known and, then, after the random events have occurred and their values
are known, a second-stage decision is made in order to minimize ‘‘penalties’’ that may appear due to any
infeasibility (Birge and Louveaux, 1988, 1997). The TSP methods were widely explored over the past decades
(Birge and Louveaux, 1988, 1997; Pereira and Pinto, 1991; Ruszczynski, 1993; Schultz et al., 1996; Rus-
zczynski and Swietanowski, 1997; Huang and Loucks, 2000; Seifi and Hipel, 2001; Ahmed et al., 2004).
However, few previous studies were reported on the applications of the TSP techniques to solid-waste man-
agement. Maqsood and Huang (2003) explored a two-stage interval-stochastic programming (TISP) method
for the planning of solid waste management. The TISP could deal with uncertainties expressed as probabil-
ity distributions and/or discrete intervals. However, this method had difficulties when (i) the coefficients in
the model’s right-hand sides are highly uncertain, (ii) the constraints’ left- and right-hand sides are presented
as fuzzy subsets, and (iii) dynamic planning needs to be made in terms of capacity-expansion decisions in
different time stages.

In fact, in many real-world problems, results produced by optimization techniques can be rendered highly
questionable if the modeling inputs cannot be expressed with precision (Yeomans and Huang, 2003). Besides,
during the past decade, conflicts between increased waste generation and decreased waste treatment/disposal
capacity were intensified. Consequently, expansion of waste treatment/disposal capacity has become a crucial
issue in planning MSW management systems, where a related optimization analysis will typically require the
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