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Long-term planning of municipal solid waste management systems (MSWMS) is a challenging
optimization problem due to the presence of multiple waste streams, interconnected treatment processes, capacity
expansion decisions, and nonlinear cost and performance relationships. Decision-making in MSWMS involves
interdependent choices regarding facility siting and capacity expansion, technology selection, waste flow
allocation, transportation logistics, and final disposal, typically over long planning horizons. Therefore, achieving
globally optimal solutions while maintaining a physically consistent flow of the waste remains one of the most
critical difficulties in MSWMS modelling. Many existing approaches rely on linearized formulations or simplified
flow structures, which may lead to infeasible or suboptimal system designs when applied to large-scale, real-world
problems.

Early MSWMS optimization studies predominantly employed linear programming (LP) and mixed-integer
linear programming (MILP) formulations, owing to their computational tractability and availability of robust
solvers (Chang et al., 1997; Li et al., 2008). In these models, waste flows are aggregated in a single form and
transportation costs are expressed using linear distance-based coefficients. While these models offer useful
insights, their reliance on linearity often requires strong simplifying assumptions that expose results far from real-
life applications. As a result, mass balance is frequently enforced at an aggregated level, obscuring the physical
consistency of intermediate waste streams. To overcome these limitations, several researchers have introduced
nonlinear programming (NLP) formulations to better represent the flow of waste (Minciardi et al. 2008).

As a recent study, Kucukoglu and Korucu (2024) introduced a comprehensive nonlinear programming
framework that explicitly enforces detailed mass balance relationships across all processes and time periods. A
distinguishing feature of that model is its ability to preserve material flow consistency between waste collection
centres, processing technologies, intermediate outputs, and final disposal options, while still enabling the search
for global optima in large-scale planning problems. This rigorous mass balance formulation was shown to be a key
innovation compared to conventional MSWMS models.

The present study extends this nonlinear optimization framework by incorporating two critical system

characteristics that are commonly overlooked or treated exogenously in long-term MSWMS planning:
transportation resource allocation and return of waste residues to previous processes.
First, transportation is explicitly modelled through truck allocation decisions, linking waste flows to a finite and
heterogeneous vehicle fleet. Decision variables are introduced to represent the assignment of trucks to
transportation links between system components, subject to vehicle capacity and operational constraints. This
integration enables the simultaneous optimization of transportation costs and limitations alongside facility
location, capacity expansion, and process selection decisions, rather than treating them as fixed or post-
optimization calculations.

Second, the mass balance structure is further enriched by allowing residual outputs from treatment
processes to be routed back to upstream or alternative processes. These residual return flows capture realistic
operational behaviour such as reprocessing, secondary recovery, or diversion to different treatment technologies.
The resulting formulation maintains strict mass conservation while enabling more flexible and circular system
configurations, consistent with resource-efficiency objectives.

Figure 1 represents an illustrative framework of the proposed MSWMS model structure, in which the flow
of the residue/product is shown with different coloured-lines. Distinct from our previous framework, the proposed
framework allows the flow of residue/product to the previous processes. Additionally, it is allowed to select
different ruck types in the model formulation for the transportation of waste, residue, and product.

The extended model remains a nonlinear programming problem and preserves the original emphasis on
global optimality and physical feasibility. Computational experiments demonstrate that incorporating
transportation allocation and residual return flows leads to substantially different system designs compared to
models without these features, highlighting their importance in realistic long-term planning. The results also show
that the proposed formulation can be applied to large-scale instances without compromising solution quality or
interpretability.

Overall, this study contributes a more complete and realistic optimization framework for MSWMS planning
by unifying rigorous mass balance, transportation resource allocation, and residual flow feedback mechanisms
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within a single nonlinear model. The proposed approach provides decision-makers with a powerful tool for
designing cost-effective, sustainable, and globally optimal waste management systems.
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Figure 1. An illustrative framework of the proposed MSWMS model structure
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