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Hazardous waste management is a hierarchical process. In the upper level of the hierarchy, the government's policies on planning and controlling the waste management infrastructure aim to overcome the environmental concerns related to the disposal of waste materials. On the other hand, the follower of the hierarchical process decides about waste collection plans considering the government-approved infrastructure to minimize total operational costs. From this point of view, the present study proposes a bi-level mathematical formulation to model the problem of hazardous waste management. Also, to tackle the highly fluctuating nature of hazardous waste generation rates, our study addresses the most probable, optimistic and pessimistic scenarios of this key parameter. To solve the problem under uncertainty, a multi-part solution methodology combining the robust optimization approach, a method of reformulating the bi-level model into Mixed-Integer Linear Programming (MILP) formulation as well as a feasibility repairing mechanism is applied. In the end, the model and the solution methodology are illustrated with a real-life hazardous medical waste management problem and practical insights are derived.

Introduction

The generation of hazardous waste is directly correlated with the industrial and technical progress of the last decades. According to the United Nations Environmental Program, wastes are classified as hazardous if they possess properties that can lead to one of the following consequences: (1) creating fires during routine management, (2) chemically reacting under normal conditions, (3) corroding metals owing to their acidity or alkalinity power and (4) long-term ecological, geological, and environmental disasters as well [START_REF] Musee | An aggregate fuzzy hazardous index for composite wastes[END_REF]. Concerning the fact that all these wastes are harmful to human and the natural environment, public attitudes to hazardous wastes are rooted not only in public risk acceptance but also in equity considerations [START_REF] Dadkar | Optimizing facility use restrictions for the movement of hazardous materials[END_REF]. Literature studies reveal that most of the attention to the equity concerns have focused on the location of obnoxious facilities than for hazardous waste transportation.

The transportation risk of Hazardous Materials (hazmat) and wastes are featured by lowprobability and high-consequence accidents [START_REF] Mahmoudsoltani | Using Pareto-based multi-objective Evolution algorithms in decision structure to transfer the hazardous materials to safety storage centre[END_REF]. Besides the human injuries and fatalities, the hazmat transportation accidents account for monetary losses. To decrease the frequency and intensity of incidents resulting from the transportation of hazmat, the government authorities attempt to separate the hazmat carriers from normal traffic flows, especially high-density traffic flows [START_REF] Men | A chance constrained programming approach for HazMat capacitated vehicle routing problem in Type-2 fuzzy environment[END_REF]. As a more flexible regulation tool for this purpose, toll-setting policies can encourage carriers to detour or to direct trucks to less populated areas based on their economical preferences instead of by governors' restriction [START_REF] Zhao | On-line marginal-cost pricing across networks: Incorporating heterogeneous users and stochastic equilibria[END_REF]. By charging tolls to road segments, the government agency is capable of inducing the optimal utilization of the road network for a prolonged period [START_REF] Marcotte | Toll policies for mitigating hazardous materials transport risk[END_REF]. The two major stakeholders in hazmat transportation (i.e., a regulating body and a regulated organization) have conflicting preferences and viewpoints and can play different roles in safety moving hazmat.

With conflicting concerns, the government authorities must be cognized of the behavior of the network's users, the carriers, and reflect their responses in the strategic decisionmaking. This results in a bi-level structure, which is a possibility that the dominant power of the regulator is overcome. In better words, in a bi-level optimization problem, the Decision Makers (DMs) appear both at the upper level (i.e., leader) and the lower level (i.e., follower). The leader decides and, based on his/her action, the follower reacts, thus the leader's objective will be optimized based on the follower's behavior [START_REF] Chang | A bi-level model of the relationship between transport and residential location[END_REF]. Therefore, a bi-level structure can precisely express such conflicting design processes, where the DMs take the leader and follower positions. In many real situations, since the leader's decisions are long-term strategic decisions and need to be made in advance of the follower's activities, it is not possible to accurately measure some key parameters of the network. Therefore, addressing uncertainty is a pivotal requirement.

The value of the critical input parameters related to the hazardous waste management system is fraught with significant uncertainty and its neglect can severely influence the overall performance of the system. One strategy to deal with such inherent uncertainties is applying uncertainty programming approaches (e.g., possibilistic, stochastic and robust programming) that is prevalent in the literature.

Given this background, this paper aims to develop a bi-level optimization model for decision-making on the hazardous waste management framework. We consider the strategic reverse network design problem as the upper level and the waste collection problem as the lower level of the decision-making hierarchy. The developed model for studying the environmental-economic interactions addresses the demand-side uncertainty in the form of different scenarios. To solve the uncertain bi-level optimization problem of this study, a threepart solution methodology using mathematical programming methods is implemented. According to the solution methodology, we first formulate the robust counterpart of the proposed formulation to handle the problem under uncertainty. Then, the obtained formulation is reduced to a single-level constrained optimization problem using Karush-Kuhn-Tucker (KKT) conditions. Finally, a feasibility repairing mechanism is applied to encounter infeasible waste collection routes. Therefore, this paper is distinguished from the previous studies in three respects: (I) handling the decentralized decisions associated with the hazardous waste management problem as a bi-level optimization model, (II) building a reliable waste management network by considering different scenarios regarding the key parameter of the problem, and (III) developing a novel three-part solution approach. In addition to the model and methodological contributions, this paper chooses a real-world medical waste management system, including infectious, chemical and sharp, pathological, and radioactive wastes [START_REF] Makajic-Nikolic | The fault tree analysis of infectious medical waste management[END_REF] as a hazardous waste management system to show how the model can be applied.

This paper is organized into six major sections. Following the introduction, some related studies are reviewed in Section 2. A general description of the problem and its formulation are provided in Section 3. To handle the uncertain bi-level problem, our solution methodology is given in Section 4. Next, we describe the case of Isfahan's medical waste management and report the computational results associated with this case in Section 5. Finally, the paper is concluded in Section 6.

Literature review

In this section, the literature review is performed in three relevant areas. The first part covers the literature on hazardous waste management problems to reflect the current state-ofthe-art knowledge. The second part is devoted to the limited body of bi-level waste management problems. Finally, scenario-based LRPs are discussed in the last part of the review. It should be noted that the emphasis in this section is on studies with mathematical programming models.

Hazardous waste management problems

The majority of studies on a hazardous waste management topic are based on simplified network design problems that do not treat explicitly the vehicle routing decisions in their setting. In this regard, we turn our attention to the works about joint optimization of the location and transportation decisions. To our knowledge, the first effort in this direction was reported by [START_REF] Zografros | Combined location-routing model for hazardous waste transportation and disposal[END_REF]. They investigated a multi-objective model with objectives utilized to enlarge the distance between integrated disposal centers and residential areas and to minimize the hazardous waste transportation cost as well. Later on, [START_REF] List | An integrated network/planar multiobjective model for routing and siting for hazardous materials and wastes[END_REF] and [START_REF] Emek | Hazardous waste management problem: The case for incineration[END_REF] contributed to the topic by extending the system framework. The central challenge facing the DMs in the mentioned studies is to incorporate facilities like storage, treatment, and recycling into the initial hazardous waste management network. Furthermore, some realistic assumptions were gradually included in the hazardous waste management studies during the development of the literature. [START_REF] Nema | Optimization of regional hazardous waste management systems: an improved formulation[END_REF] and [START_REF] Nema | Multiobjective risk analysis and optimization of regional hazardous waste management system[END_REF] introduced two significant practical issues in terms of compatibility between waste types and compatibility between waste type and treatment technologies. These issues have remained in the introductory phase until [START_REF] Alumur | A new model for the hazardous waste location-routing problem[END_REF] modeled the waste-technology compatibility requirements in the form of linear constraints. This constraint indicates a waste type can be treated only with specified treatment technologies. More recently, [START_REF] Rabbani | Using metaheuristic algorithms to solve a multi-objective industrial hazardous waste location-routing problem considering incompatible waste types[END_REF] also considered the waste-waste compatibility constraint in their proposed formulation to avoid chemical reactions during waste collection. One important aspect of real-world applications is uncertainty. The significance of uncertainty has attracted several researchers to address the problem under fuzzy [START_REF] Zhang | Modeling and solution of the hazardous waste location-routing problem under uncertain conditions[END_REF] or stochastic [START_REF] Ardjmand | Applying genetic algorithm to a new bi-objective stochastic model for transportation, location, and allocation of hazardous materials[END_REF][START_REF] Rabbani | A stochastic multi-period industrial hazardous waste location-routing problem: Integrating NSGA-II and Monte Carlo simulation[END_REF] environments. Although the work of [START_REF] Rabbani | A stochastic multi-period industrial hazardous waste location-routing problem: Integrating NSGA-II and Monte Carlo simulation[END_REF] is not a survey of the literature, it provides a relatively complete classification of the literature studies and it is recommended to those readers who require more details of the studies.

Over the previous years, LRPs have absorbed the attention of researchers on this topic. A unique feature of these problems is the inclusion of capacitated vehicles in modeling waste collection practices. [START_REF] Farrokhi-Asl | Metaheuristics for a bi-objective location-routing problem in waste collection management[END_REF] presented a bi-objective mathematical model for a LRP in waste collection and disposal management. They used two meta-heuristic algorithms, namely NSGA-II and MOPSO. [START_REF] Eskandari | A new mathematical model of a waste collection problem with social issues[END_REF] presented a tri-objective LRP considering customer's satisfaction for waste collection management. They used a multiobjective imperialist competitive algorithm (MOICA) tuning its parameters by the Taguchi method. [START_REF] Zhao | A bi-objective model for the used oil location-routing problem[END_REF] developed a bi-objective LRP for a used oil management system to attain the minimum total cost and total environment risk.

Another study related to the oil industry was carried out by Tunalıoğlu et al. ( 2016) using a multi-period formulation for jointly locating treatment facilities and collecting olive oil mill wastewaters. The multi-period nature of the problem has firstly been considered in the literature by [START_REF] Tunalıoğlu | A multiperiod location-routing problem arising in the collection of Olive Oil Mill Wastewater[END_REF] was also found in the work of [START_REF] Rabbani | A stochastic multi-period industrial hazardous waste location-routing problem: Integrating NSGA-II and Monte Carlo simulation[END_REF]. A recent notable paper in the field is the work of [START_REF] Zhao | Incorporating inventory risks in location-routing models for explosive waste management[END_REF] that incorporated the risk associated with the inventory of wastes stored at the sources. Although exact methods offer valuable insights into both theoretical and practical concerns, due to the complexity of LRPs, they are only able to handle relatively small-sized problems [START_REF] Rabbani | A stochastic multi-period industrial hazardous waste location-routing problem: Integrating NSGA-II and Monte Carlo simulation[END_REF]. Various exact methods, such as the weighted sum method [START_REF] Revelle | Simultaneous siting and routing in the disposal of hazardous wastes[END_REF][START_REF] Current | A model to assess risk, equity and efficiency in facility location and transportation of hazardous materials[END_REF][START_REF] Boyer | A mathematical model for the industrial hazardous waste location-routing problem[END_REF][START_REF] Ghezavati | Application of a fuzzy service level constraint for solving a multi-objective location-routing problem for the industrial hazardous wastes[END_REF], the constraint method [START_REF] Jacobs | Simultaneous routing and siting for hazardous-waste operations[END_REF], the lexicographic weighted Tchebycheff method [START_REF] Samanlioglu | A multi-objective mathematical model for the industrial hazardous waste location-routing problem[END_REF], an augmented ε-constraint method [START_REF] Sane-Zerang | A bi-objective model for the capacity and location of landfills for municipal solid wastes[END_REF] and the epsilon-constraint method [START_REF] Yu | An improved multi-objective programming with augmented εconstraint method for hazardous waste location-routing problems[END_REF] have emerged in the literature for solving the multi-objective hazardous waste management problems with lower complexity.

According to [START_REF] Zhao | Improved approaches to the network design problem in regional hazardous waste management systems[END_REF], the lexicographic weighted Tchebycheff and epsilonconstraint approaches dominate the widely employed approach of this subject (i.e., the weighted sum method). By increasing the complexity of the problem, heuristic and metaheuristic approaches, which are capable of achieving relatively high-quality solutions within short computational time seem to be practical alternatives to solve hazardous waste management problems [START_REF] Asgari | A memetic algorithm for a multi-objective obnoxious waste location-routing problem: A case study[END_REF].

To better understand the topic of this study and notice how it differs from other published observations, we compare its general features with that of the literature in Table 1. This table recognizes two important unknowns in the literature as follows:

• Despite the capability of the bi-level programming in handling decentralized decisions, hazardous waste management problems have not been formulated yet as bi-level optimization models. • To guarantee the adaptability of the optimization model under different conditions and to make reliable waste management networks, there is a need to study different scenarios regarding the key parameters of the problem. Concerning the above-mentioned gaps, we continue this section by reviewing the existing literature on bi-level waste management problems and reliable location-routing problems as well to gain valuable insights into developing a comprehensive mathematical model. Exact, H.: Heuristic, M.: Metaheuristic.

Bi-level waste management problems

Decision-making on municipal solid waste management issues is generally decentralized since the DMs have positions at different levels of authority. For example, in the waste collection problem of [START_REF] Huang | Vehicle routing-scheduling for municipal waste collection system under the "Keep Trash off the Ground" policy[END_REF], the upper-level DM tries to minimize the frequency of collection over the entire residential network without affecting the level of services while the subunit under the control of the leader seeks to determine efficient routes. The model developed by [START_REF] Muneeb | Decentralised bi-level decision planning model for municipal solid waste recycling and management with cost reliability under uncertain environment[END_REF] is also based on the bi-level programming. At the first level, the leader minimizes the management cost and the lower-level DM maximizes the revenue gained from waste processing.

As the first attempt to pursue policies in line with environmental protection requirements and long-term waste management goals at the national and municipal levels of government respectively, [START_REF] He | Greenhouse gas emissions control in integrated municipal solid waste management through mixed integer bilevel decision-making[END_REF] developed a bi-level decision-making approach. Two bi-level mixed-integer models are evaluated in this paper based on the decision-making level that plays the leading role. Concerning the better performance of the hierarchical model with environmental considerations in the upper level, [START_REF] Chen | Bi-level decision-making approach for ghg emissions control and municipal solid waste management under parameter uncertainty: A case study in Beijing, China[END_REF] continued this model under uncertainties.

In addition to the municipal solid waste [START_REF] Sharif | A bi-level programming approach to joint network design and pricing problem in the municipal solid waste management system: A case study[END_REF], other waste types like construction and demolition waste [START_REF] Xu | A bi-level model for location-allocation problem of construction & demolition waste management under fuzzy random environment[END_REF], recyclable glass container waste [START_REF] Shih | Determining a subsidy rate for Taiwan's recycling glass industry: An application of bi-level programming[END_REF], industrial waste [START_REF] Nazim | A bi-level multi-objective optimization model of multiple items for stone industry under fuzzy environment[END_REF], hazardous waste [START_REF] Berglund | Robust facility location problem for hazardous waste transportation[END_REF], agricultural waste [START_REF] Saranwong | Product distribution via a bi-level programming approach: Algorithms and a case study in municipal waste system[END_REF] and post-disaster waste [START_REF] Cheng | Application of the Bi-Level Location-Routing Problem for Post-Disaster Waste Collection[END_REF] have been addressed in the literature of the bi-level waste management problems.

Scenario-based location-routing problems

Although different variants of binary-integration problems have incorporated probabilistic demand-and supply-side scenarios into their formulations, some rare examples are available in the literature regarding LRRs [START_REF] Heidari | Sustainable design of a municipal solid waste management system considering waste separators: A real-world application[END_REF]. Such LRPs were initiated with the work of Ahmadi-Javid and Seddighi (2013), who studied production and distribution disruption risks. In better words, the annual capacity of the integrated production-distribution centers, as well as vehicles serving customers, may experience various kinds of disruptions in this study. [START_REF] Seyedhosseini | An integrated location-Routing-Inventory problem by considering supply disruption[END_REF] contributed to the problem by addressing both partial and major disruptions at facilities. In a case of major disruptions, a distribution center may be unable to respond to all the allocated customers. Using a partial back-ordering policy, those customers, who have not essential need for the product prefer to wait until the end of the disruption period, and therefore, the center will not lose all unmet demands. This means if a shortage occurs, some of the orders result in lost sales and other orders are fulfilled in the next periods [START_REF] Angazi | An integrated location inventory routing model in supply chain network designing under uncertainty[END_REF]. Therefore, the on-time delivery that results in customer satisfaction is one of the most important performance indicators for these systems [START_REF] Pourreza | A capacitated location-routing problem with customer satisfaction under facility disruption[END_REF]. [START_REF] Zhang | A metaheuristic approach to the reliable location routing problem under disruptions[END_REF] also considered emergency plans for customers, whose depots fail and must be served by vehicles from other sources. In the absence of sufficient capacity in surviving depots, the affected customers leave the system and service loss penalties are incurred. Such backup operations usually impose higher expenses due to the longer travel distances involved [START_REF] Xie | Reliable location-routing design under probabilistic facility disruptions[END_REF]. Unlike the mentioned single objective studies, [START_REF] Rayat | Bi-objective reliable location-inventory-routing problem with partial backordering under disruption risks: A modified AMOSA approach[END_REF] proposed a multi-product and multi-period bi-objective optimization model which minimizes the usual cost function along with the total failure costs related to disrupted distribution centers. Furthermore, the minimization of the expected value of total impedance value-weighted travel distance was studied as the second objective by [START_REF] Mohamadi | A novel bi-objective reliable location routing model considering impedance function under demand-side and supply-side uncertainty (A case study)[END_REF]. In their work, supply-side uncertainty involves disruptions and failures in facilities and routes connecting them. Fathollahi-Fard et al. (2019) presented a bi-objective mathematical model for a green home healthcare problem considering a number of nurses to serve the patients at home. They proposed four heuristics and two meta-heuristics to solve their model.

Model development 3.1. Problem definition

The core question of our study is how to design a hazardous waste management system in the presence of two non-cooperative DMs. In this regard, we follow the problem introduced by [START_REF] Rabbani | Using metaheuristic algorithms to solve a multi-objective industrial hazardous waste location-routing problem considering incompatible waste types[END_REF] with some slight differences. The model of the proposed waste management system is responsible for optimal decision-making on three basic activities: (1) collection, (2) treatment, and (3) disposal. To describe the problem more clearly, the whole process of these activities is described individually in the following activities.

• Collection: Several waste sources geographically dispersed in an operational area and generated different types of non-recyclable hazardous wastes. During the planning horizon, a pool of available vehicles departs from a central depot and start a collection of waste from the waste generation units. Concerning the vehicle capacity constraint, when the maximum capacity is reached or the remaining capacity is less than the amount of accumulated waste in unvisited units, the vehicles have to dump their loads on proper facilities and finally move back to the depot. These vehicles are heterogeneous and differ in terms of compatibility with diverse characteristics of different hazardous wastes. An underlying assumption in the planning of collection routes is that the vehicles are not permitting partial collection. In better words, the units must be visited only once for collecting each waste type.

• Treatment: The current waste management infrastructure does not consist of any treatment facilities. As a result, the present system status is not able to meet the requirements of waste treatment, and a substantial amount of waste is disposed of directly without any previous treatment. Therefore, establishing new integrated facilities combining different modern treatment technologies and disposal practices at a single site can lead to a more centralized waste treatment with fewer environmental effects.

• Final disposal: Any waste residues remaining after treatment processes that are no longer hazardous should be disposed. There are multiple groups whether are affecting or being affected by the waste management activities based on their interests [START_REF] Sisto | Organic fraction of municipal solid waste valorisation in southern Italy: the stakeholders' contribution to a long-term strategy definition[END_REF]. The first group (i.e., the Environmental Organization), which is at the upper-level of the decision-making hierarchy, makes measures to prevent human health risks and adverse environmental impacts. This stakeholder with social and environmental concerns forces the responsible department (i.e., Health and Medical Education Minister) to allocate a certain amount of budget for constructing new integrated facilities. This stakeholder tries to minimize the risk of untreated waste on the population living in the surrounding of landfill sites as well as to separate the collection of hazardous waste from general municipal waste. After the Health and Medical Education Minister's policies on establishing new facilities and controlling the exposure risks related to the system operations, the lower-level DM (i.e., the municipality authority) reacts and provides the value of their controlled variables. This level of decision-making is focused on the optimization of waste collection paths as well as the amount of waste cost-effectively processed in each facility that limited by the decisions of the first DM. Before presenting the model, we require the introduction of the model assumptions as follows:

• After treating the wastes, the residues are normally less hazardous compared to wastes before treatment. • All of the facilities are obnoxious and impose health risk to the residents in surrounding areas.

• All of the hazardous waste types are generated by each waste generation unit.

• All the problem inputs except the waste generation rate are known a priori. For a waste management industry, this parameter is very sensitive to uncertain factors (i.e., quality of waste separation in origins). Therefore, it is really difficult for the DM to get accurate numerical data to estimate the exact probability distribution on the demand parameter. Concerning the uncertainties, we propose three scenarios for this parameter; a pessimistic scenario with a high rate, an optimistic scenario with low rated, and a scenario with the most likely rate.

• Realizations of the waste generation amount at different sources does not exceed the capacity of vehicles.

A bi-level model

In the following, we define the notations that are used to formulate the problem explicitly.

Index sets:

waste V Fig. 1 demonstrates that the proposed bi-level model consists of a network design problem (i.e., at upper level) and a waste management problem (i.e., at lower level) as well.

As the upper-level DM, the Health and Medical Education Minister specifies a reasonable configuration of the waste management network to minimize the risk to the population exposed. This is while the municipality as the second level DM acts based on its cost objective. This bi-level framework allows the authors to study the conflicts of the two stakeholders both in their objectives and constraints. Taking into account the previously defined notations, the problem can be formulated as follows.
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The upper-level objective function (1) targets the minimization of the risk to the population and comprises three terms. The first two terms are associated with the undesirability of the facilities and are increasing functions of the population living around the facility and the facility size as well. Also, the third term seeks to minimize the transportation risk for untreated wastes. Equation ( 2) takes care of the budget constraint faced by the responsible authorities in establishing new facilities. Equation (3) implies that if a facility is not opened. then no assignment can be made to that facility by setting its capacity to zero. Equation ( 4) enforces non-negativity and integrality restrictions on the upper-level decision variables.

The lower-level objective function ( 5) refers to the cost minimization of waste management activities. The first term on the right-hand side of this objective corresponds to the cost of waste collection and the second term is associated with the transportation toll charges for traffic routes. There is only a central depot in the waste management network that collection vehicles start their routes from it and finally go back to it, Equations ( 6) and ( 7) are necessary for this purpose. Equations ( 8) and ( 9) ensure the continuity of the waste collection routes. According to these constraints, if a collection vehicle enters a node, it should also leave the node to another destination. Equation (10) emphasizes on this assumption that split pickups are not allowed. According to Equations ( 11) and ( 12), unloading the collection vehicles is only possible in the available and newly established treatment facilities. To make sure that the input flow to the system facilities does not exceed the capacity of the facilities, a set of additional Equations ( 13) and ( 14) is included in the model. Equation (15) take into account the collection vehicles capacity. Equation ( 16) does not allow self-loops in the collection routes. A self-loop is formed when a loop starts and ends on the same node. Similar to Equation (4), Equation ( 17) is the non-negativity restrictions on the lower-level decision variable. Note that it is possible to relax the binary variables of the lower-level model to continuous variables since none of them will attain a fractional value in an optimal solution to the lower-level problem.

Solution methodology

Before starting this section, it is essential to remember the main challenges that we face in solving the proposed model. In summary, these include how to: (1) deal with the bi-level structure of the problem; (2) avoid generating infeasible routes with sub-tours; and (3) encounter the uncertainty involved in the problem. In this regard, a three-part solution approach is applied in this study to target these issues. Finding a globally optimal solution for a bi-level location-routing problem, converting a discrete model into a continuous model to apply the KKT conditions, and its extendibility to other areas of application are the main advantages of our three-part solution method.

The first part: Robust optimization

The aim of robust optimization suggested by [START_REF] Mulvey | A new scenario decomposition method for large-scale stochastic optimization[END_REF] is to seek a solution that is less sensitive to the realization of any scenario in the real world. In fact, as a replacement for traditionally optimizing the expected value of an objective function in stochastic programming, both variability and expected value are included in the optimization process. Two robustness measures (i.e., model robustness and solution robustness) are concerned in this approach. The former implies that we have a solution, which remains almost feasible for all scenarios of the input data, while the latter reflects an approximately optimal solution for any realization of scenarios. Thereby, the modified objective function can restrict violations from model robustness and solution robustness by adopting penalties according to the DM's point of view.

In scenario-based formulation, the variables and constraints are categorized as structural or control types. The structural type is employed to formulate the model in the presence of deterministic and noise-free data and the control variables and constraints incorporate uncertainty into the model [START_REF] Jabbarzadeh | Dynamic supply chain network design for the supply of blood in disasters: A robust model with real world application[END_REF]. According to [START_REF] Yu | A robust optimization model for stochastic logistic problems[END_REF], implementing the robust optimization approach in this study requires modifying the formulations of the objective functions and the control constraints and formulating new auxiliary constraints as well. To do this, we need several notations to be redefined by: These notations are employed in developing the following robust model:
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Eqs.

(2) and ( 3)

, , 0 
w f w f s U V θ ′ ≥ and { } 0,1 ; , , , f X w W f F f F s S ′ ′ ′ ∈ ∀ ∈ ∈ ∈ ∈ (20) 
where for given { } , , ,

wf wf f s U V X θ ′ ′ , { } ijks Y solves ( ) ( ) ( ) ( ) ( ) 2 , , , , , Min ρ τ ρ 
τ λ ρ ρ τ ρ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∈ ∪ ∪ ∪ ′ ′ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ = ⋅ ⋅ + ⋅ ⋅ ′ ⋅ + ⋅ + - ⋅ ⋅ ′ - ⋅ ⋅ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ s ij ijks s ij ijks s S k K i j O G F F s S k K i j O G F F ij ijks ij ijks k K i j O G F F k K i j O G F F s s ij ijks s S s S k K i j O G F F s ij ijks f tc d Y n Y tc d Y n Y tc d Y n Y ( ) , 2θ ω ρ δ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪ ∈ ∈               ′ +     + ⋅ ∑ ∑ ∑ ∑ ∑ s s S k K i j O G F F s ks s S k K (21) s.t. ( ) ( ) ( ) ( ) , , , , 0 ; 
ij ijks ij ijks k K i j O G F F k K i j O G F F s ij ijks s S k K i j O G F F s ij ijks s s S k K i j O G F F tc d Y n Y tc d Y s S n Y τ ρ τ ρ θ ′ ′ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪   ′ ⋅ + ⋅       - ⋅ ⋅ ≥ ∀ ∈       ′ ′ - ⋅ ⋅ +     ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ (22) ( ) 
; ,

wis ijks ks w wk w W i G j G F F w W q Y c e k K s S δ ′ ∈ ∈ ∈ ∪ ∪ ∈ ′ ⋅ - ≤ ⋅ ∀ ∈ ∈ ∑ ∑ ∑ ∑ (23) 
Eqs. ( 6) to ( 14) and ( 16)

( ) , , 0 ; , , , ijks s ks Y i j O G F F k K s S θ δ ′ ′ ≥ ∀ ∈ ∪ ∪ ∪ ∈ ∈ (24) 
Equation ( 18) represents the robust counterpart of the upper-level objective function and includes the mean value and variation of the risk to the population. The linearization constraint in Equation ( 19) calculates the variation measured in the last term of the upperlevel objective function. In addition to the restrictions in Equation ( 4) of the basic model, Equation ( 20) considers the non-negativity constraint on the first objective's deviational variable. Analogous to Equation (18), Equation ( 21) is the robust counterpart of the cost function, where weighting factors λ and ω attempt to control the trade-off between the solution robustness and model robustness. Auxiliary Equation ( 22) calculates the measure of solution robustness for the second objective. The balance constraint of Equation ( 23) evaluates the non-feasibility penalized in the last term of the lower-level objective function. Equation ( 24) determines the domains of decision variables used in the formulation of the second level.

The second part: Model reformulation

It is well recognized that bi-level optimization problems are difficult to be solved optimally. It has particularly been proven for the simplest linear bi-level programming model to be strongly NP-hard [START_REF] Hansen | New branch-and-bound rules for linear bilevel programming[END_REF]. As a result, a large body of research on bi-level programming is dominated by heuristic and metaheuristic solution approaches to achieve the local optimality [START_REF] Pouriani | A robust bi-level optimization modelling approach for municipal solid waste management; a real case study of Iran[END_REF]. In addition to these approaches, the KKT conditions that are both necessary and sufficient for the optimality in the follower problem can be used to reduce the original problem to its single-level regular version, which is solvable with the help of available commercial software. In this study, since the waste collection problem of the follower is continuous, linear and convex, it can be easily rewritten by its KKT conditions. To achieve the reformulated single-level problem, the four KKT conditions are replaced by the lower-level model as follows:

Stationarity constraints: These constraints are directly derived from the Lagrangian function of the follower's objective function. To construct the Lagrangian function, at first, the second level constraints in the robust formulation (i.e., Equations ( 6) to ( 14), Equation ( 16) and Equations ( 22) to ( 24)) are recast in the form of ( ) 0 ≥ or ( ) 0 = constraints and then, the Lagrange multipliers or dual variables (µ) are multiplied with the left-hand side of the rewritten constraints. Finally, the summation of the multiplications, as well as the lower-level objective function, are calculated. Equation ( 25) is the Lagrangian function of the lower-level problem of this study.

( ) ( ) s ij ijks s ij ijks s S k K i , j O G F F s S k K i , j O G F F L (Y ) tc d Y n Y ρ τ ρ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∈ ∪ ∪ ∪ ′ = ⋅ ⋅ + ⋅ ⋅ ∑ ∑ ∑ ∑ ∑ ∑ (25) ( ) ( ) ( ) ( ) 2 ij ijks ij ijks k K i , j O G F F k K i , j O G F F s s ij ijks s ks s S s S k K i , j O G F F s S k K s ij ijks s s S k K i , j O G F F tc d Y n Y tc d Y n Y τ λ ρ ρ ω ρ δ τ ρ θ ′ ′ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ′ ′ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪   ′ ⋅ + ⋅       + - ⋅ ⋅ + ⋅       ′ ′ - ⋅ ⋅ +     ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ 1 1 ks ijks s S k K i O j G Y µ ∈ ∈ ∈ ∈   - -     ∑ ∑ ∑ ∑ ( ) 2 1 ks ijks s S k K i F F j O Y µ ′ ∈ ∈ ∈ ∪ ∈   - -       ∑ ∑ ∑ ∑ ( ) ( ) 3 jk s ijks ji ks s S k K j G i O G i G F F Y Y µ ′ ′ ′ ∈ ∈ ∈ ∈ ∪ ∈ ∪ ∪   - -       ∑ ∑ ∑ ∑ ∑ ( ) 4 jks ijks ji ks s S k K j F F i G i O Y Y µ ′ ′ ′ ∈ ∈ ∈ ∪ ∈ ∈   - -     ∑ ∑ ∑ ∑ ∑ ( ) 5 1 wjs wk ijks s S j G w W k K i O G e Y µ ∈ ∈ ∈ ∈ ∈ ∪   ′ - ⋅ -       ∑ ∑ ∑ ∑ ∑ ( ) 6 1 ks ijks s S k K i G j F F Y µ ′ ∈ ∈ ∈ ∈ ∪   - -       ∑ ∑ ∑ ∑ ( ) 7 ijks j ijks s S k K j F i G X Y µ ′ ∈ ∈ ∈ ∈ - - ∑ ∑ ∑ ∑ 8 wjs wj wj ijks wk w s S j F w W k K i G e U Y e c µ ′ ∈ ∈ ∈ ∈ ∈   ′ - ⋅ - ⋅ ⋅     ∑ ∑ ∑ ∑ ∑ 9 wjs wj ijks wk w s S j F w W k K i G V Y e c µ ∈ ∈ ∈ ∈ ∈   ′ - - ⋅ ⋅     ∑∑ ∑ ∑ ∑ 10 ijks ijks s S k K i j G Y µ ∈ ∈ = ∈ - ⋅ ∑ ∑ ∑ ( ) ( ) ( ) ( ) 11 ij ijks ij ijk s k K i , j O G F F k K i , j O G F F s s ij ijks s S s S k K i , j O G F F s ij ijks s s S k K i , j O G F F tc d Y n Y tc d Y n Y τ µ ρ τ ρ θ ′ ′ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪   ′ ⋅ + ⋅       - - ⋅ ⋅       ′ ′ - ⋅ ⋅ +     ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ( ) 12 ks w w k w is ijks ks s S k K w W w W i G j G F F c e q Y µ δ ′ ∈ ∈ ∈ ∈ ∈ ∈ ∪ ∪   ′ - ⋅ - ⋅ +       ∑ ∑ ∑ ∑ ∑ ∑ ( ) 13 , ijks ijks s S k K i j O G F F Y µ ′ ∈ ∈ ∈ ∪ ∪ ∪ - ⋅ ∑ ∑ ∑ 14 s s s S µ θ ∈ ′ - ⋅ ∑ 1 5 k s k s s S k S µ δ ∈ ∈ - ⋅ ∑ ∑
Under the stationarity constraints, the gradient of the Lagrangian function concerning the lower-level decision variables must be equal to zero. Constraints ( 26) to (39) represent the first-order KKT conditions.

( ) 13 0 ; , , , 

ijs ijks i O j O F F k K s S µ ′ Ψ - = ∀ ∈ ∈ ∪ ∪ ∈ ∈ (26) 1 3 5 1 3 0 ; , , , ijs k s jk s w k w js ijk s w W e i O j G k K s S µ µ µ µ ∈ ′ Ψ - - - - = ∀ ∈ ∈ ∈ ∈ ∑ (27) 13 0 ; , , , 
ijs ijks i G j O k K s S µ Ψ - = ∀ ∈ ∈ ∈ ∈ (28) 5 1 0 1 2 1 3 0 ; , , ijs w k w js ijk s w is k s ijk s w W w W e q i j G k K s S µ µ µ µ ∈ ∈ ′ Ψ - ⋅ - + - = ∀ = ∈ ∈ ∈ ∑ ∑ (29) 3 3 5 12 13 0 ; , , ijs ik s jk s w k w js w is k s ijk s w W w W e q i j G k K s S µ µ µ µ µ ∈ ∈ ′ Ψ + - - ⋅ + - = ∀ ≠ ∈ ∈ ∈ ∑ ∑ (30) 3 4 6 9 12 13 0 ; , , , ijs ik s jk s k s w k w w js w is k s ijk s w W w W e c q i G j F k K s S µ µ µ µ µ µ ∈ ∈ ′ Ψ + - - + ⋅ ⋅ + - = ∀ ∈ ∈ ∈ ∈ ∑ ∑ ( 
e c q i G j F k K s S µ µ µ µ µ µ µ ∈ ∈ ′ ′ Ψ + - - + + ⋅ ⋅ + - = ∀ ∈ ∈ ∈ ∈ ∑ ∑ (32) 2 4 13 0 ; , , , ijs ks iks ijks i F j O k K s S µ µ µ Ψ - + - = ∀ ∈ ∈ ∈ ∈ (33) ( ) 13 0 ; , , , 
ijs ijks i F j G F F k K s S µ ′ Ψ - = ∀ ∈ ∈ ∪ ∪ ∈ ∈ (34) 2 4 13 0 ; , , , ijs ks iks ijks i F j O k K s S µ µ µ ′ Ψ - + - = ∀ ∈ ∈ ∈ ∈ (35) ( ) 13 0 ; , , , 
ijs ijks i F j G F F k K s S µ ′ ′ Ψ - = ∀ ∈ ∈ ∪ ∪ ∈ ∈ (36) ( ) ( ) ( ) ( ) ( ) ( ) 11 1 1 1 ; , , ijs ij ij s s s s tc d n i j O G F F s S τ ρ λ ρ ρ µ ′ ′ Ψ = ⋅ + ⋅ + - + - ∀ ∈ ∪ ∪ ∪ ∈ (37) 1 1 1 4 2 0 ; s s s s S λ ρ µ µ - - = ∀ ∈ (38) 1 2 1 5 0 ; , s k s k s k K s S ω ρ µ µ - - = ∀ ∈ ∈ (39)
Primal feasibility constraints: The KKT primal feasibility conditions imply that the lowerlevel constraints should be satisfied with the optimal value of the variables. These consist of Equations ( 6) to ( 14), Equation ( 16) and Equations ( 22) to ( 24).

Dual feasibility constraints:

The KKT dual feasibility conditions state that the optimal solution must be feasible for the dual problem. Accordingly, the Lagrange multipliers associated with greater than or equal to zero constraints must be defined in the same form (i.e., 0 i µ ≥ ). For other constraints in the form of equality, the respective multipliers are unrestricted in sign.

Complementary slackness constraints:

The complementary slackness conditions state the general relationship between primal constraints and their associated Lagrange multipliers, in which the multiplication of the slack variables in the primal constraints and the respective multipliers is equal to zero. The complementary slackness constraint associated with the lower-level constraints is formulated as Constraints ( 40) to ( 54). 1 1 0 ; ,

ks ijks i O j G Y k K s S µ ∈ ∈   -= ∀ ∈ ∈     ∑ ∑ (40) ( ) 2 1 0 ; , ks ijk s i F F j O Y k K s S µ ′ ∈ ∪ ∈   -= ∀ ∈ ∈       ∑ ∑ (41) ( ) ( ) 3 0 ; , , jks ijks ji ks i O G i G F F Y Y j G k K s S µ ′ ′ ′ ∈ ∪ ∈ ∪ ∪   - = ∀ ∈ ∈ ∈       ∑ ∑ (42) ( ) 4 0 ; , , jks ijks ji ks i G i O Y Y j F F k K s S µ ′ ′ ∈ ∈   ′ - = ∀ ∈ ∪ ∈ ∈     ∑ ∑ (43) ( ) 5 1 0 ; , , w js w k ijks k K i O G e Y w W j G s S µ ∈ ∈ ∪   ′ ⋅ -= ∀ ∈ ∈ ∈       ∑ ∑ (44) ( ) 6 1 0 ; , ks ijk s i G j F F Y k K s S µ ′ ∈ ∈ ∪   -= ∀ ∈ ∈       ∑ ∑ (45) ( ) 7 0 ; , , , ijks j ijks X Y i G j F k K s S µ ′ - = ∀ ∈ ∈ ∈ ∈ (46) 8 0 ; , , wjs wj wj ijks wk w k K i G e U Y e c j F w W s S µ ∈ ∈   ′ ′ ⋅ - ⋅ ⋅ = ∀ ∈ ∈ ∈     ∑ ∑ (47) 9 0 ; , , wjs wj ijks wk w k K i G V Y e c j F w W s S µ ∈ ∈   ′ - ⋅ ⋅ = ∀ ∈ ∈ ∈     ∑ ∑ (48) 10 0 ; , , ijks ijks Y i j G k K s S µ ⋅ = ∀ = ∈ ∈ ∈ (49) ( ) ( ) ( ) ( ) , j , 11 , , 0 ; ij ijk s ij ijk s k K i O G F F k K i j O G F F s s ij ijk s s S k K i j O G F F s ij ijks s s S k K i j O G F F tc d Y n Y tc d Y s S n Y τ µ ρ τ ρ θ ′ ′ ∈ ∈ ∪ ∪ ∪ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪ ′ ′ ′ ′ ∈ ∈ ∈ ∪ ∪ ∪   ′ ⋅ + ⋅       - ⋅ ⋅ = ∀ ∈       ′ ′ - ⋅ ⋅ +     ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ (50) ( ) 12 0 ; , ks w w k w is ijks ks w W w W i G j G F F c e q Y k K s S µ δ ′ ∈ ∈ ∈ ∈ ∪ ∪   ′ ⋅ - ⋅ + = ∀ ∈ ∈       ∑ ∑ ∑ ∑ (51) ( ) 13 0 ; , , , ijks ijks Y i j O G F F k K s S µ ′ ⋅ = ∀ ∈ ∪ ∪ ∪ ∈ ∈ (52) 1 4 0 ; s s s S µ θ ′ ⋅ = ∀ ∈ (53) 1 5 0 ; , k s k s k K s S µ δ ⋅ = ∀ ∈ ∈ (54) 
Therefore, the single-level formulation for the LRP, which is a Mixed-Integer Non-Linear Programming (MINLP) problem is obtained by: The upper-level objective function (Equation ( 18)) s.t.

• The upper-level constraints (Equations ( 2), ( 3), ( 19) and ( 20))

• The primal feasibility constraints (Equations ( 6) to ( 14), ( 16) and ( 22) to ( 24))

• The stationarity constraints (Equations ( 26) to ( 39))

• The complementary slackness constraints (Equations ( 40) to ( 54))

• The dual feasibility constraints 

µ µ µ µ µ µ µ µ ≥
The non-linearity of the problem is due to the non-linearity of the relations between primal constraints and their associated Lagrange multipliers in Equations ( 40) to (54). A straightforward way to remove such non-linearity is replacing each constraint with a set of new linear constraints [START_REF] Azadeh | Optimum integrated design of crude oil supply chain by a unique mixed integer nonlinear programming model[END_REF]. For example, non-linear Equation ( 40) is substituted by linear Equations ( 55) to (57) in the final version of the model. In these formulations, M is a sufficiently great number.

;

,

k s k s M A k K s S µ ≤ ⋅ ∀ ∈ ∈ (55) 
( )

1 1 ; , ijks ks i O j G Y M A k K s S ∈ ∈   -≤ - ∀ ∈ ∈     ∑ ∑ (56) { } 0, 1 ; , ks A k K s S ∈ ∀ ∈ ∈ (57)

The third part: Feasibility repairing

Not incorporating sub-tour elimination constraints [START_REF] Desrochers | Improvements and extensions to the Miller-Tucker-Zemlin subtour elimination constraints[END_REF] in the vehicle routing decisions may lead to infeasible solutions. The last part of our methodology acts as an iteration loop to avoid infeasible collection routes. From iteration 1 to the last iteration of the procedure, the obtained solution for the problem is checked irrespective of whether the collection routes in the given solution are feasible or not. If running the model in iteration i leads to achieving an infeasible solution with the lower-level objective function 2 i f , the procedure will continue to iteration i+1 with an additional constraint 2 2 i f f > ; otherwise, the loop is terminated. In better words, the iteration loop is activated to reach an optimal feasible solution by gradually reducing the solution space of the problem.

A case study

Presentation of the case problem

The research area is situated in central Iran, Isfahan, which is the capital city of Isfahan Province. The geographic location, rich culture, and beautiful nature have all contributed to the increasing significance of the city. Every year, the city attracts several million visitors and the absolute majority of them are from all over Iran as well as the neighboring countries. This is particularly so in spring and fall when the weather is sunny, warm and pleasant for sightseeing and outdoor activities. Furthermore, during the summer school holidays falling between the end of June and the end of September and around the Persian New Year period between March 11 and April 4, Isfahan also hosts a huge number of visitors and tourists.

One of the consequences of the presence of visitors in the city is an increase in the number of attendance to hospitals and health centers in case of road traffic accidents and injuries as well as a wide range of common diseases. In such a situation, environmental issues in terms of proper medical waste management are increasingly becoming a matter of concern in hospitals. Similar to other metropolises in Iran which suffer from a lack of a satisfactory medical waste management system [START_REF] Farzadkia | Hospital waste management status in Iran: a case study in the teaching hospitals of Iran University of Medical Sciences[END_REF], medical waste management principles are not fulfilled completely in Isfahan's hospitals. Following the policies of the Ministry of Health and Medical Education, all health institutions in middle-to large-size cities are responsible for converting their hazardous or infectious waste into general waste in on-site facilities. Currently in Isfahan, after treatment processes, medical wastes along with municipal waste stream are collected daily and disposed of in a landfill site. It is also noteworthy that a limited number of hospitals do not perform any pre-treatment processes. As a result, the Department of Environment and the Ministry of Health and Medical Education disagree about the quality of waste delivered to the municipality. In better words, the Department of Environment emphasizes that such wastes, even after being treated in hospitals, are not classified as general wastes and should not follow the municipal waste management procedures. Therefore, the relevant ministry has been asked to provide the infrastructure needed for the safe management of medical wastes.

The initial and most essential steps in improving the medical waste management system are to conduct supervision over the management processes as well as to obtain an accurate knowledge of the waste quality and quantity. All governmental and private hospitals located in the city are included in this study. Based on the information gathered from the literature review [START_REF] Davoodi | Medical waste management in the second largest City of Iran (Mashhad) with three-million inhabitants[END_REF] and interviews, the average waste generation rate for different types of medical waste can be reported as in Fig. 2. It should be noted that the exact amount of radioactive waste produced at each hospital is not achievable and is generally estimated to be 1% of the total volume of waste generated. However, there may be circumstances wherein the waste generation rate fluctuates greatly. Usually, these conditions are similarly reflected in all hospitals. To include these conditions in our waste management decisions, in addition to the most probable scenario that only considers the average generation rates, we develop two other scenarios; i) a pessimistic scenario with the rate of the mean plus standard deviation and ii) an optimistic scenario with the rate of the mean minus the standard deviation.

Assuming complete segregation of medical wastes at these hospitals, an effective waste management system should be able to provide appropriate plans for each type of waste. Under various city conditions, the proposed scheme for an effective medical waste management system is summarized in Table 2. To construct an integrated facility including treatment and disposal facilities for hazardous medical wastes, recognition of the areas that are prone to such construction is critical. In this study, based on the geomorphological criteria (e.g., slope, bedrock type, distance from fault and distance from a surface water) four potential locations are identified for establishing a dedicated facility for medical wastes. In Fig. 3, the mentioned locations along with the approximate location of hospitals in the city and their capacity levels are depicted. Also, the position of the largest cemetery of the city that can be used for disposing of pathological wastes is determined in Fig. 3. To implement the proposed model on the Isfahan's medical waste management system, there is a need for further data to be fed into the model that some of them are reported by:

• Investment cost: Concerning other waste processing facilities in Iran, an integrated facility could be established with a fixed cost of about $ 0.2 million and a variable cost of $1,000 per ton. • Truck capacity: A sufficient number of trucks with a capacity of 5 tons are available to serve any subset of hospitals.

• Transportation cost: The basis for calculating the transportation cost in our study is the amount of fuel that a truck consumes [START_REF] Heidari | Sustainable design of a municipal solid waste management system considering waste separators: A real-world application[END_REF]. Given the fuel consumption of trucks and unit price of fuel in Iran that are around 0.5 liters per and $ 0.05 per liter, respectively, as well as the estimated ratio of trucks cost to fuel cost in transportation, the transportation cost is at about $ 0.05 per km. However, the cost of transporting hazmat due to using special equipment faces an increase of 43 percent compared to non-hazmat transportation. Finally, the risk-related parameters like the population density in the areas surrounding the available and potential facilities are derived from the municipality. 

Computational results

To demonstrate the applications of the proposed model and solution methodology, this section discusses the outcomes obtained from implementing the single-level robust optimization model for the medical waste management problem presented in the previous sub-section. The MILP formulation is implemented using the solver CPLEX on a computer equipped with Intel Core i7 CPU, 2.2 GHz and 16 GB of RAM. Table 3 summarizes the optimal waste collection scheme selected under the most probable scenario. Table 3 gives the following information:

• Because of the greater amount of infectious waste relative to other two types, two trucks are required for collecting this type of waste. These trucks are planned in such a way that their workload in terms of the amount of waste collection is approximately balanced. • Given the fact that our route planning includes both environmental and economic considerations and thus, it may be that at times, the paths that pose less risk to the surrounding population despite their more collection costs have higher preference than shorter paths. This is the reason that some districts (districts 3, 5 and 14) are observed more than once in the collection routes.

• The location, in which the construction of the integrated treatment and disposal facility is planned, is situated at the nearest potential location. This is a perfectly reasonable choice owing to the use of appropriate treatment technology with the possibility to minimize the risk of waste and reducing the operational costs of the waste management system as well. It should be noted that the proposed collection routes for the other two scenarios have a similar structure to the routes presented in Table 3. This is because of the number of vehicles and their capacity, which allows good control over the variations in different scenarios. Actually, given the circumstances in our problem, the inputs of the waste management system (for example, collection vehicles) are reasonably well-suited to dealing with unwanted situations regardless of the concept of robust optimization. Accordingly, the purpose of the robust optimization approach in our problem is to appropriately balance the cost associated with the pessimistic scenario with the other two scenarios. The magnitude of the system's effects on the surrounding population as the upper-level objective is equal to 577,188 person × ton. This value is a bit more than 7% of the minimum possible risk. The total amount of the lower-level design objective is $32.381. This number is equal to 1.28 times more than the case, in which the trucks are allowed to travel paths with minimum possible collection costs on the entire network. Therefore, the majority of the cost increment results from limiting the waste collection network. Actually, the individual minimization of each objective function shows that the objective functions are in conflict and are not optimized simultaneously. 

An analysis of two measures of robustness

As mentioned previously, weighting penalty ω is inserted into the lower-level objective function to make a trade-off between the solution robustness and model robustness. For different risk-aversion weights, the sensitivity of the lower-level objective function is illustrated in Fig. 4. To this end, an iterative process considering all the pre-defined ω levels is implemented. To evaluate DM's risk-aversion levels more reliably, at first, several realizations of the uncertain parameter [START_REF] Golpîra | Robust bi-level optimization for green opportunistic supply chain network design problem against uncertainty and environmental risk[END_REF] are randomly generated. Then, the problem is solved for each risk-aversion level and the performance of the obtained decision variables is evaluated based on the generated realizations. Therefore, for each risk-aversion level, the problem is solved several times and the expected value of the objective function is calculated. The results strongly support the existence of a direct relationship between the riskaversion weight and the lower-level objective. The existence of this relationship implies that the unmet portion of demand for waste collection services is due to insufficient vehicle capacity and considering the penalty term associated with the model robustness in the objective function does not help to handle this situation. This situation can be overcome by considering a different number of vehicles for different scenarios or increasing the capacity of vehicles. However, in this study, we face small amounts of unmet demands and since the ultimate goal of the robust optimization approach is to balance the model robustness and cost function and the current framework has given us this, there is no need for any modification. Based on the problem conditions, we set this parameter to 0 in all computational experiments.

Similarly, as it is done for the risk-aversion weight, a sufficient number of realizations of the waste generation rates are produced and by using them the performance of each level of the variability weight is evaluated. Unlike the linear relationship between risk-aversion weight and the model robustness, variations in variability weight (λ) do not affect the objective functions based on a determined trend. In other words, the solution robustness may not necessarily increase when the variability weight increases. Note that due to the presence of this parameter in both the objective functions, they are often similarly affected. According to the behavior of the variability parameter in Fig. 5, the level of λ is chosen to be 3 in the remaining experiments. 

Robust optimization versus the expected value

To look into the effectiveness of the robust optimization approach in handling our waste management problem, we benchmark its performance against the commonly practiced expected value approach [START_REF] Maggioni | Analyzing the quality of the expected value solution in stochastic programming[END_REF]. In this approach, we only consider the most probable scenario, which is the expected values of the uncertain parameters (i.e., Scenario 2). It is noteworthy that it is also possible to calculate the expected values by multiplying the waste generation rates by their occurrence probabilities. To complete the comparison between these two approaches, we first solve the problem and obtain two different structures of the waste management network based on the two approaches. Then, based on the problem realizations generated in the previous sub-section, the performance of these two approaches in terms of the stability of their optimal performance over a variety of waste generation rates are evaluated. Using the same realizations, the obtained results for variability weight λ=3 in the previous analysis represent the performance of the robust optimization approach. Therefore, we do not need any new experiments for this approach. This comparison is graphically represented in Fig. 6 in a bar chart format, where the values illustrated by the main bars are the average of 20 (i.e., the number of realizations) measurements and the error bars indicate their standard deviations. Based on this figure, the magnitude of the fluctuations from the optimal performance is found to be larger in the case of applying the expected value approach. This means the domination of the robust optimization approach against the expected value approach in providing a near-optimal solution for any realization of the scenarios. 

Managerial implications

The incorporation of uncertainty scenarios into waste management planning and applying the robust optimization approach to deal with the uncertainty arrived at important managerial and practical insights. First, the model robustness loses its functionality when we face a prespecified framework of the system. In other words, in the analysis of the model robustness measure, due to utilizing a constant number of collection vehicles, the unmet portion of demand for waste collection services is due to insufficient vehicle capacity. Therefore, considering the penalty term associated with the model robustness in the objective function does not help to handle this situation. Second, DMs can select the parameters that need to be adjusted according to their preference while keeping the system performance unchanged or improving the system performance. For example, if DMs seek the uniform performance of the system under different situations and using the higher levels of the variability weight that does not lead to decreasing the performance according to the sensitivity analysis of this parameter, they may choose the higher values of the variability weight. Third, the demand uncertainty has a more pronounceable direct influence on the waste management network and location and routing decisions when compared to not considering its uncertainty.

Conclusions

This study extended a bi-level and robust optimization model for decision-making in the hazardous waste management context. Two sub-problems of the network design and waste collection were integrated into each other to address the environmental-economic interactions of the upper and lower levels of the decision-making hierarchy. One of the challenges faced in this study was that the key parameter of the problem (i.e., waste generation rates) was tainted with a great degree of uncertainty. To handle this issue, we defined three scenarios (i.e., most probable, pessimistic and optimistic scenarios) on this parameter. To involve all these three scenarios in our decision-making process, we applied the robust optimization approach. Therefore, the first part of the developed solution methodology was to formulate the robust counterpart of the problem. After that, the obtained formulation was reduced to a single-level constrained optimization problem using the Karush-Kuhn-Tucker (KKT) conditions. Eventually, in the last part, a feasibility repairing mechanism was employed to encounter infeasible waste collection routes that were created due to sub-tours. In Section 5, we tested the performance of the proposed model on a real medical waste management system, including infectious, chemical and sharp, and pathological waste types. Based on several realizations of the uncertain parameter, we performed several computational experiments and significant practical implications were achieved. For instance, we showed how different environmental and economic objectives can be balanced using bi-level optimization and how the value of the variability weight can affect the performance of the robust optimization approach. We also compared the performance of the robust optimization approach against the expected value approach and showed its superiority in the face of various realizations of the problem.

The nature of our problem in this study was such that we needed to solve the problem only once, and we applied the obtained collection routes based on the matching of the waste generation rates with the developed scenarios. In such cases, the problem-solving time is not problematic. However, as a direction for future research, one can focus on the solution methods that offer higher computational efficiency. Also, in this study, we examined only the uncertainties related to the waste generation rates, and hence other uncertainties can be examined about real-world problems. For instance, considering vehicle breakdown during collection operations can improve the reliability of route planning. In another direction, a multi-period model can be investigated. In this situation, inventory holding decisions should also be considered. Finally, extending the scope of the government's decisions in the upper level of the hierarchy (for example, toll setting strategies) is another suggestion for future studies.
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 1 A classification of the literature on the topic the hazardous waste management network design

	Study	Problem a Objective function modeling approach	Uncertainty	Solution method b
		Single objective Multi-objective Bi-level With scenario Without scenario E.	H.	M.
	Zografros and Samara (1989)			

Table 2 .

 2 Details of the proposed waste management plan

	Medical waste type	Responsible Administrator Management processes	Handling facility
			Treatment Disposal	
	General	Municipality Municipality	Available facilities
	Infectious and chemical H&MEM 1	Municipality	A new facility
	Sharp	H&MEM	Municipality	A new facility
	Pathological	H&MEM	Municipality	Cemetery
	Radioactive	H&MEM	AEO 2	AEO's available facilities
	1 Health and Medical Education Minister; 2 Atomic Energy Organization	

Table 3 .

 3 Optimal waste collection routes in terms of the sequence of districts under the most probable scenario

	Waste type	Optimal sequence of movements between the municipal districts
	Infectious	D14→D7→D12→D8→D2→D13→D5→D1→ D3→D10→D14→ P1
		D5→D6→D3→D4→P1
	Sharp	D14→D7→D12→D8→D2→D13→D5→D6→D5→D1→D3→D10→D14→D4→P1
	Pathological	D14→D7→D12→D8→D2→D13→D5 →D1→D3→D10→D14→D4→D6→C

* D: District; P: Potential landfill; C: Cemetery.