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Abstract: Hazardous waste management systems must be designed in a manner that
simultaneously controls operational costs, addresses uncertainty, and mitigates environmental
risks. This study develops a two-stage mixed-integer location—routing model for hazardous
waste management in which facility location, transportation, treatment, recycling, and
disposal decisions are integrated within a unified optimization framework. In the first stage, a
nominal location-routing model minimizes total system costs. In the second stage,
uncertainty in hazardous waste generation is addressed through a scenario-based p-robust
optimization approach. In addition, primary and secondary environmental risks and their
corresponding response actions are explicitly incorporated into the model. A real-world case
study from an Iranian waste management organization is used to evaluate the proposed
approach. Computational results demonstrate that the p-robust model effectively manages
uncertainty under optimistic, likely, and pessimistic scenarios while increasing total system
cost by only about 6% compared with the nominal solution. The findings also reveal that
secondary risks significantly influence the selection of appropriate responses to primary risks,
emphasizing the importance of integrated risk management in hazardous waste systems.

Introduction: Hazardous waste management has become an increasingly important issue due
to its environmental, social, and economic consequences. Improper collection, transportation,
treatment, recycling, and disposal of hazardous waste can create serious threats to public
health and ecosystems. Consequently, designing efficient waste management networks has
attracted substantial attention in operations research and supply chain management. The
location—routing problem (LRP) is one of the most effective approaches for integrating
strategic facility location decisions with operational transportation planning. Although
numerous studies have addressed hazardous waste LRPs, relatively few have simultaneously
considered uncertainty, environmental risk management, and the consequences of risk
response actions. This research addresses these gaps by proposing a p-robust optimization
framework that incorporates uncertainty in waste generation and explicitly models primary
and secondary environmental risks.

Materials and Methods: The proposed model is formulated as a mixed-integer mathematical
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programming problem. The nominal model minimizes transportation costs, facility
establishment costs, risk-related costs, and vehicle utilization costs. The network consists of
waste generation centers, treatment facilities, recycling centers, and disposal sites. Hazardous
waste can be processed using alternative treatment technologies depending on waste
compatibility characteristics.

To address uncertainty, several key parameters, including waste generation volumes and
recovery rates, are represented through discrete scenarios. A scenario-based p-robust
optimization approach is then employed to obtain solutions that remain effective across
different future conditions. The model also incorporates primary environmental risks,
corresponding response actions, and secondary risks generated by the implementation of
those actions. Linearization techniques are applied to transform nonlinear relationships into a
mixed-integer linear programming formulation solvable by GAMS.

Results and Discussion: A real case study involving a waste management organization in
western Iran was used to validate the proposed methodology. The network included seven
waste generation centers, three candidate treatment facilities, three candidate recycling
centers, and three candidate disposal centers. Three uncertainty scenarios—optimistic, likely,
and pessimistic—were developed for hazardous waste generation and related parameters.

The nominal model produced an optimal objective value of 386,492.930, whereas the p-
robust model resulted in a value of 410,507.309. This modest increase demonstrates that a
relatively small additional cost can significantly improve robustness against uncertainty.
Scenario validation confirmed that the p-robust solution remained feasible and economically
efficient across all scenarios.

The risk analysis further indicated that secondary risks play a critical role in decision-making.
In several cases, implementing a response action for a primary risk generated secondary risks
whose consequences exceeded the benefits of mitigation. Therefore, the selection of risk
response strategies should be based not only on the reduction of primary risks but also on the
potential impacts of secondary risks. Sensitivity analysis showed that variations in the
robustness parameter did not substantially affect solution quality, indicating the stability of
the proposed approach.

Conclusions: This study presented a novel p-robust hazardous waste location—routing model
that integrates uncertainty management with environmental risk-response planning. The
results demonstrate that the proposed framework can effectively control uncertainty while
maintaining reasonable system costs. Furthermore, the explicit consideration of primary and
secondary risks provides a more realistic basis for managerial decision-making. The findings
suggest that robust optimization is a valuable tool for designing sustainable hazardous waste
management networks under uncertain conditions. Future research may extend the model by
incorporating multi-period planning horizons, inventory decisions, and advanced simulation—
optimization algorithms for large-scale applications.

Keywords: Hazardous Waste Management, Location—Routing Problem, p-Robust
Optimization, Scenario-Based Uncertainty, Primary and Secondary Risks, Risk Response
Actions.
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