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Abstract

Optimizing the combined facility location and network design decisions in hazardous
material (hazmat) transportation is a complicated problem. The problem involves two
stakeholders, the government, whose objective is to minimize the total risk of population
exposure to dangerous materials by closing certain roads and nodes, and the carrier,
which aims to minimize the total transportation cost by choosing the shortest paths from
hazmat generation nodes to processing facilities in addition to reducing hazmat processing
and facility construction costs. The government’s decisions regarding which roads to
close and which nodes to ban impact the carrier’s choice of paths and facility location
respectively. Hence, the government must anticipate the carriers’ reactions while making
network (closure or banning) decisions. To address this problem, we propose a novel bi-
level programming formulation that integrates both parties’ objectives. A cutting plane
algorithm is designed to address the bi-level structure for both stakeholders’ decisions.
Finally, a real-world case study of a transportation network is conducted to demonstrate
the effectiveness of our proposed approach in reducing the total risk and cost and reveal
insights that can be used to facilitate policy-making in terms of hazmat transportation

and processing.
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Chapter 1

Introduction

Hazardous materials (hazmats) refer to any type of materials, from solids to gases and
liquids that can harm people and the environment in any way (United Nations, 2009).
These materials encompass a wide range of chemical, biological, radiological, and nuclear
substances, each with the potential to cause harm if they are not properly handled or
released into the environment or if humans are exposed to them. Hazardous materials
are transported through different modes including air, water, road, rail, and pipeline. In
this thesis, the focus is on road transportation as trucks are the most popular mode of
hazmat transportation (Erkut et al., 2007).

The transportation and process of hazmat is a serious concern because accidents or
mismanagement can lead to dire consequences, including toxic exposures, fires, explosions,
and environmental contamination. Incidents can occur at any stage, including loading,
unloading, shipping, and processing hazmat. The harm to people and the environment
includes but is not limited to health impacts, environmental damage, and economic costs.
As a result, governments around the world have developed regulations and strategies to
manage and mitigate the risks associated with the transportation and management of
hazardous materials. These efforts aim to prevent accidents and minimize the impact of
any incidents.

To regulate the transportation of hazmat, governments employ various policies in-

cluding banning certain roads for hazardous material carriers, applying tolls to links, and



locating hazmat response teams (Ke et al., 2023). At the same time, hazmat carriers
need to find the most cost-effective possible way for hazardous material transportation
and processing. To do so, when choosing the route for hazmat transportation and the
location for processing it, they usually choose the shortest path to the facilities to reduce
the total cost. This shortest path is not always the safest route and therefore, is not
aligned with the government’s objective of reducing the risk of hazmat transportation.
To deal with these conflicting goals of the involved decision-makers, one can utilize a
bi-level model that depicts the objectives of the government and carrier respectively at
the upper and lower level (Erkut et al., 2007). The government intends to minimize the
risk of hazmat transportation but the carrier aims to minimize the cost associated with
it. The government’s policies impact the hazmat managers’ decisions, and vice versa,
which makes this a challenging and complex problem to solve (Liu and Kwon, 2020).

What mainly distinguishes our work from previous ones is considering hazmat facility
location which is often overlooked in hazmat network design. Our thesis introduces a bi-
level programming formulation that simultaneously addresses network design and facility
location problems. We focus on developing an approach to modeling the relationship
between the government and hazmat carriers, which takes into account the different
objectives and constraints of each decision-maker. A key aspect of this approach is the
incorporation of the government’s node ban policy. That is, the government may restrict
certain areas from being used for hazmat facilities due to their high risk. Integrating
this concept into our model allows us to explore the interactions between government
restrictions and hazmat carrier’s facility and routing decisions.

More specifically, we construct a bi-level optimization model, where the upper level
reflects the government’s network decisions and the lower level represents the carrier’s
location-routing plan. To solve the proposed bi-level model, an exact cutting-plane al-
gorithm tailored to our specific model that provides optimal solutions for both decision-
makers is developed. We also conduct a detailed numerical analysis to validate our model,
in order to prove its effectiveness in real-world scenarios. We also perform a robust anal-

ysis to assess the model’s sensitivity to variations in key parameters, to ensure that the



proposed solutions remain effective under different conditions. These contributions en-
hance our understanding of the closely linked relationship between regulatory policies
and the design of hazmat transportation networks.

The rest of this thesis is structured as follows. Chapter 2 reviews the literature related
to this research. In Chapter 3, the problem statement and mathematical formulation of
the model are presented, while the solution procedure is given in Chapter 4. Moreover,
the numerical tests of the model are outlined in Chapter 5. Finally, concluding remarks

and future research directions are discussed in Chapter 6.



Chapter 2

Literature Review

In this chapter the literature is reviewed in three categories: Hazmat facility location
problem (Section 2.1), hazmat network design problem (HNDP) (Section 2.2), and a
combination of these two categories (Section 2.3). Then we describe the research gaps in

Section 2.4 and state our contribution motivated by those.

2.1 Hazmat facility location problem

Scholars have considered various objectives in addressing hazmat facility locations. Gold-
man and Dearing (1975) are known to be the first researchers to address optimal locations
for partially noxious facilities (Erkut and Neuman, 1989). Current and Ratick (1995) in-
troduced a multi-objective model for combined hazmat location/routing decisions. Their
facility location decisions were impacted by the population density around each location
and the risk associated with facilities. Helander and Melachrinoudis (1997) focused on
integrated location and routing models for minimizing the number of accidents during
the transportation of hazmat. Besides considering two different routing policies, they
proposed two types of location models: the reliable 1-median and a location framework
for considering multiple routes. They also presented vertex optimality results for both
problems.

Afterward, Cappanera et al. (2003) simultaneously addressed a facility location and

routing problem of obnoxious materials and proposed a Lagrangean heuristic approach



and a Branch and Bound algorithm to solve it. A multi-objective approach was presented
by Zhang et al. (2005) for analyzing hazardous material location-routing decisions. Facil-
ity location decisions were made based on the costs associated with constructing a facility
at a candidate location and risk equity. Carotenuto et al. (2007) explored the development
of minimal risk paths for hazmat road transportation between specific origin-destination
pairs in a regional area, focusing on selecting paths that not only minimize the over-
all risk of shipments but also distribute this risk equitably among the population. Xie
et al. (2012) presented a multi-objective model, formulated as a mixed integer linear
program that optimized transfer yard locations and hazmat transportation routes while
considering risk and cost constraints. Jarboui et al. (2013) introduced several variable
neighborhood search (VNS) heuristics to address the location routing problem involving
multiple capacitated depots and one uncapacitated vehicle per depot, aiming to identify
optimal depot locations and design cost-efficient vehicle routes. In a more recent work,
Ardjmand et al. (2015), built a novel mathematical model for the location and routing in
facilities that generate hazmat and disposal sites and used a genetic algorithm to solve
it. Romero et al. (2016) utilized the Gini coefficient to evaluate equity in hazmat facility
location and routing problem and presented a combination of Lagrangean relaxation with
column generation to solve it.

Later, Hu et al. (2019) applied a multi-objective optimization method for the identifi-
cation of the optimal routes in hazardous material logistics under the constraint of traffic
restrictions on inter-city roads. They also assumed there are multiple paths between ev-
ery possible origin-destination pair. To solve their model, a single genetic algorithm and
an adaptive weight genetic algorithm were designed, whose chromosomes contained two
types of genes, representing warehouses and transportation routes respectively. To tackle
a hazmat location-routing problem with multiple origin-destination pairs and multiple
products, Diego Beneventti et al. (2019) proposed a multi-objective programming model
that considers maximizing the minimum weighted distance between hazardous facilities
and the exposed vulnerable population, to minimize routing and location costs and the

total hazard imposed on the non-vulnerable population. Tasouji Hassanpour et al. (2021)



used an augmented epsilon constraint method to address a hazmat location-routing prob-
lem with edge unavailability, time-dependent parameters, and delivery time window. The
decision-making process focused on determining whether a warehouse should be opened
on the available nodes.

Facility problems have also been broadly explored in the literature of hazardous waste
management. Interested readers are referred to Delfani et al. (2021), Boonmee et al.

(2023), and Zabihian-Bisheh et al. (2024) for detailed reviews.

2.2 Hazmat network design problem (HNDP)

Hazmat network design problem (HNDP) involves the strategic planning, optimization,
and operational management of transportation networks to facilitate the safe and efficient
transportation of hazardous materials. The ultimate objective of studies in HNDP is to
design transportation networks that prioritize the safe and reliable delivery of hazardous
materials while minimizing potential risks and environmental impacts, and ensuring the
health and safety of communities along the transportation routes.

As a policy to regulate hazmat shipment, many papers investigated the impact of par-
tial or full road closure. Kara and Verter (2004) were pioneers in examining the relation-
ship between regulators and carriers and proposed a bi-level programming model for road
network design. Erkut and Alp (2007) formulated a tree selection problem for a hazmat
network design problem to identify hazmat routes in a major population center by closing
roads with the highest risk. They offered alternative ways to the carriers by expanding the
network. Erkut and Gzara (2008) presented a heuristic algorithm that was able to find
low-risk networks in a short time for a network design problem in hazmat transportation.
They formulated the problem as a bi-level network flow model and assessed it by compar-
ing it to three other decision scenarios. Verter and Kara (2008) introduced a path-based
formulation to address a network design problem in hazardous material transportation.
They managed to develop various alternative solutions by changing the routing choices

for each shipment and thus identify transport policies for hazardous materials that are



mutually agreeable and balanced in terms of safety and cost-effectiveness. Bianco et al.
(2009) assumed that regional and local government authorities have the responsibility to
regulate hazmat transportation by imposing volume restrictions on network links. The
regional authority seeks to minimize transport risks across the entire region, while local
authorities focus on minimizing risks within their jurisdictions. This creates a challenge
for the regional authority to ensure equity in risk distribution among different local juris-
dictions. To overcome this challenge, the authors proposed a linear bi-level programming
approach that considers both total risk minimization and risk equity in the design of the
hazmat transportation network. Amaldi et al. (2011) considered a network design prob-
lem for hazmat transportation and they proved that a hazmat transport network design
problem where the government bans some arcs is NP-hard even in its simplest form. Gzara
(2013) studied a combinatorial bi-level formulation for hazmat network design and intro-
duced an exact cutting plane algorithm to solve it, where minimum risk and minimum
cost network flow problems were solved iteratively. To minimize the time that contain-
ers are at a terminal, Assadipour et al. (2014) proposed an analytical approach aiming
at reducing the time for the unloading of inbound vessels and the loading of outbound
vehicles in a hazmat intermodal network. Sun et al. (2016) delved into robust network
design problems for hazmat transportation with risk uncertainty on each link for both
each shipment and across all shipments. As a solution, they utilized an existing heuristic
and a Lagrangian relaxation heuristic to address sub-problems within the framework.
Taslimi et al. (2017) provided a bi-level network design problem for hazmat transporta-
tion in which the government was responsible for finding optimal locations for response
teams and constructing extra links for hazmat transportation. For solving medium-size
problems, they presented a single-level mixed integer linear model and a greedy heuristic
algorithm for large-size problems. Esfandeh et al. (2018) modeled a hazmat network de-
sign problem with time-dependent road closure using an alternative-based model so that
carriers’ departure times and route choices were controlled. To solve their model, they
provided heuristic algorithms based on column-generation and label-setting. Fontaine

and Minner (2018) transformed a bi-level hazmat transport network design model into a



mixed-integer linear program by applying the Karush-Kuhn—Tucker (KKT) optimality
conditions. A multi-cut Benders decomposition and a partial decomposition technique
were introduced to find an optimal solution.

As an alternative to road closure, scholars further proposed toll-setting approaches
for regulating hazmat shipments. Using comparative analysis, Marcotte et al. (2009)
indicated that setting tolls to regulate hazmat transportation can be more effective than
road closure in hazmat network design. To control both regular and hazmat vehicles at
the same time, Wang et al. (2012) introduced a dual toll pricing method to reduce the
risk of transporting hazmat. Masoud et al. (2015) integrated hazmat network design with
dual toll pricing to introduce an effective traffic control policy for hazmat. To mitigate
the risk of hazmat transportation in a bi-level network design problem, Esfandeh et al.
(2016) investigated the policy of toll setting and presented a two-stage solution with two
different methodologies to solve each stage. Bianco et al. (2016) explored a toll-setting
approach for managing hazardous material transportation, focusing on minimizing over-
all network risk while ensuring equitable risk distribution, and proposed mathematical
programming with equilibrium constraints (MPEC). In their paper, Ke et al. (2020) pro-
posed a dual-toll policy using a multi-degree fuzzy incident rate to manage hazardous
material transportation risks in a road network by formulating a bi-level programming
problem. They incorporated risk equity considerations and proposed a new risk measure-
ment definition to reflect the uncertain nature of real transportation situations.

Some authors suggested a mixture of network design policies such as road construction,
toll setting, and road closure for. Lépez-Ramos et al. (2019) developed a mixed-integer
non-linear bi-level problem for hazmat network design, in which the leader aims at max-
imizing its profit by considering toll income, road construction and closure costs, and
hazmat risk exposure, while the followers minimize their travel costs including conges-
tion and toll charges. A specialized local search was utilized to solve their model. Ke
et al. (2023) constructed a scenario-based bi-level network design problem for hazmat
and proposed some risk-mitigation mechanisms and considered factors like emergency

response time, hazmat response team locations, toll schemes, road closures, and new



road constructions, while also addressing demand uncertainties through a scenario-based
approach. They managed to optimally solve the proposed model using a single-level

reformulation and a three-stage heuristic method.

2.3 Combined hazmat facility location and Network
design problem

Despite the close relationship between the facility and the transportation network, there
are very few papers that consider facility location combined with network design for
hazardous material transportation. Berglund and Kwon (2014) addressed a robust facility
location problem in hazmat transportation in which the upper-level goal is to minimize
the total cost construction cost and shipping risk while taking into account the routing
decisions of hazmat carriers who aim to minimize their transportation cost. They assumed
that the hazmat facility operators and hazmat carriers were two independent entities.
The objective is to select optimal facility locations within a network to process hazmat
generated at specific nodes. For smaller or medium-sized problems, they proposed an
exact full enumeration method, while for larger problems, they investigated the use of a
genetic algorithm.

A bi-level optimization problem was considered by Liu and Kwon (2020), wherein
both facility locations and network design in hazardous materials transportation were
simultaneously optimized. The authors accounted for uncertainty in hazmat exposure and
hazmat transport demand by adopting a robust optimization approach with multiplicative
uncertain parameters and polyhedral uncertainty sets. The resulting problem entailed a
min-max problem in the upper level with the objective of minimizing facility construction
cost and worst-case risk and a shortest-path problem in the lower level to minimize total
shipment cost.

To simultaneously optimize facility locations and network design in hazmat trans-
portation, Yue et al. (2022) studied a Stackelberg game and lane reservation approach

as a bi-level optimization problem. The government’s objective at the upper level is to



reduce the cost of establishing facilities, traffic impact cost, and hazardous material ex-
posure risk. This is achieved by implementing a reserved lane network and mandating
carriers to transport goods within this network. In the lower level, the follower aims to
minimize shipping expenses by choosing a route that meets the time limit. The authors

used a genetic algorithm to solve the model.

2.4 Literature gaps and our contribution

Scholars have dedicated considerable effort to addressing hazmat-related facility and net-
work design issues from diverse perspectives, as evident in the literature reviews above.
However, this area still presents significant research opportunities, with noticeable gaps
that require thorough attention.

Firstly, considering the fact that very few studies have considered facility location
combined with network design for hazardous material transportation, there is a clear
need for further research in this domain. Our contribution lies in offering a comprehen-
sive framework for a combined bi-level network design and facility location for hazmat
transportation that accounts for the conflicting objectives of the government and the haz-
mat carrier. This approach not only fills the gap in existing literature but also provides
a practical solution for industry stakeholders.

Secondly, through our extensive review of existing literature, we have found no prior
studies that have examined the concept of node bans, either in the hazmat domain or
in any other field. Implementing regulations that prohibit construction in nodes with
high population density can significantly reduce the risk of population exposure to haz-
ardous materials. In this thesis, we introduce this concept to control the risk associated
with facility location. Additionally, we consider road segment closure for hazmat trans-
portation, which serves the same purpose as facility location closure and reduces the
risk of population exposure to hazmat along the roads. Moreover, while previous studies
that considered combined facility location and network design problems (Berglund and

Kwon (2014); Liu and Kwon (2020); Yue et al. (2022)) have assigned the responsibility of
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hazmat facility location to the government, our thesis presents a more realistic scenario
where the carrier makes these decisions, guided by the government’s node policy. This
approach provides a closer representation of actual industry practices, where the govern-
ment designates several potential locations and the carrier decides on the exact sites for
the facilities.

Moreover, acknowledging the fact that heuristic and meta-heuristic algorithms only
provide near-optimal solutions at best, more research is needed with exact methodologies
that provide more realistic and accurate solutions. In this thesis, we propose a cutting-
plane algorithm to solve our problem that can be used to inform policy decisions and
improve the transportation and processing of hazardous materials. This methodological
contribution aims to enhance the precision and applicability of solutions in the hazmat
transportation sector.

In addition to addressing the aforementioned gaps, our research includes thorough
numerical analyses, specifically focusing on the sensitivity and robustness of our combined
facility location and network design model. Through detailed breakdowns of risk and cost,
we demonstrate the model’s efficacy in managing hazmat transportation and facility
location under various scenarios, including changes in facility capacity, incident rates,
shipping costs, and the number of trucks. Our analyses revealed important insights
into the impacts of network connectivity, the number of nodes and arcs, and shipment
quantities on overall risk and computational performance, and highlighted the importance
of these factors in optimizing hazmat transportation networks. These findings show
the model’s practical applicability and robustness in real-world settings, which provides

valuable guidance for policymakers.
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Chapter 3

Model Development

3.1 Problem statement

In this thesis, we examine a problem that involves simultaneous considerations of network
design and hazmat facility location. Two parties are engaged: the authority (i.e., the gov-
ernment) that design the network and the hazmat carrier that transports different types
of hazardous materials and makes facility location decisions. The upper-level authority
aims to minimize hazmat exposure risk, while the carrier seek to minimize transporta-
tion costs, facility construction costs, and hazmat processing costs. The government
must make decisions regarding road closures and node bans, while the carrier selects the
transportation routes and make facility location decisions. We assume that the points
of origin for hazardous materials are known, but processing facility locations are not. If
multiple facilities are available within the network, the carrier chooses the closest one.
The authority should take into account facility location decision and route choice of the
carrier (assuming that they choose the shortest path) while making decisions regarding
road and node closure and the carrier’s route decisions depend on the choices made by
the authority, who considers road and node bans when designing the hazmat network.
The bi-level structure of the problem is illustrated in Figure 3.1.

We consider the following assumptions for our problem.

1. It is assumed that the network is indirect, which means shipments can go either

12



[ Upper level: Government ]

Decision: Network Objective: Risk
[ Lower level: Carrier ]

o Decision: Routing, Network Design Minimizing network
Objective: Cost Facility location design risk
- <

'
A4
I Minimizing cost I I Routing & Facility Decisions

\ -

~ =" [ Arc closure ] [ Node closure ]

[ Shipping paths ] [ Facility location ]

Figure 3.1: Bi-level structure.

way on a link.

2. The same policy is applied to both directions on one link. For instance, if link (4, j)
is closed for one type of hazmat shipment, then link (j,7) is also restricted to that

hazmat.

3. Our model operates under the assumption that only one type of hazmat can be

processed in any processing facility.

4. All hazmat generation nodes are known but their destination nodes, hazmat pro-

cessing facilities, are to be determined.

3.2 Mathematical model

We consider a graph (N, .A) in which N is the set of nodes and A is the set of arcs. We
assume that hazmat generation nodes are known while processing facilities are not. The
carrier wants to determine the optimal number and locations for processing facilities.
We also consider that these facilities may be sources of hazmat. At the upper level,
authority aims to minimize hazmat exposure risk. At the lower level, carrier’s objective

is to minimize transportation costs, facility construction costs, and hazmat processing
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costs. We calculate the unit risk for each arc (i, j) as stated in Ke et al. (2023):
SR;js = POP,;s DIS;; RR), IR;;,

where PO P, indicates the population exposure within a specific radius per unit distance
on arc (4, j) for an incident caused by shipment s, DIS;; is the length of arc (7,7), RR,
is the release rate of hazmat h, and I R;; stands for the incident rate on arc (7,7). We

evaluate the unit risk for each node ¢ in the same way:
FR;, = POPy, RRy, IR;,

where POP;, is the population exposure within a specific radius per unit distance on
node ¢ for hazmat h and RR; is the release rate of hazmat h and IR; stands for the
incident rate on node 1.

We formulate the bi-level optimization problem for the combined location-network

design using the notation presented in Table 3.1.

3.2.1 Upper level

min Z Z Z SRijn Noh Tijoh + Z Z FRin qin (3.1)

(i,j)EA hEM (0,h)ES ieM heH

S.t.
> FRiy, g < RiskCap; w; Vie M (3.2)
heH
z € {0,1} Vie M (3.3)
Yijh € {07 1} V(Z,j) € A? VheH (34)

In the upper level objective function (3.1), the first part represents risk of shipping
hazmat on arc (7, j) and the second component shows risk of processing hazmat at node

i. Constraint (3.2) ensures that the total amount of risk at node i does not exceed the

14



Table 3.1: Mathematical notation

Sets

N Set of nodes, indexed by 4 and j.

A Set of arcs, indexed by (i, ).

H Set of hazardous materials, indexed by h.

S Set of hazmat shipments of hazmat type h and origin o indexed by (o, h).

M Set of potential facility locations for the government.

O(o, h) Origin node (Generation node) for shipment with origin o and hazmat
type h, (o,h) € S, O(o,h) N M = 0.

Parameters

Nop, The number of trucks required for shipment with origin o and hazmat
type h € H.

SCijn Cost of shipping one unit of hazmat h € H on arc (i,75) € A.

SRijn Risk of shipping one unit of hazmat h € H on arc (i,j) € A.

FC; Cost of facility construction at node ¢ € M.

PC;, Cost per unit for processing hazmat h € H at node i € M.

FR;, Risk per unit of hazmat h € H processed at node i € M.

Cap; Capacity of facility at node ¢ € M for processing hazmat. (How much
hazmat it can process).

RiskCap; Maximum allowable risk at facility .

Upper-Level Variables

Yijh 1, if arc (i,7) € A is available for shipments of hazmat h € H; 0, other-
wise.

Z 1, if the carrier is allowed to build a facility at node ¢ € M; 0, otherwise.

Lower-Leve

1 Variables

Lijoh

w;
qih

1, if arc (7, j) € A is chosen for shipment with origin o and hazmat type
h, (o,h) € S; 0, otherwise.

1, if a facility is built at node i € M; 0, otherwise.

The total amount of hazmat h € H processed at node i € M.

maximum allowable risk capacity at facility i. Constraints (3.3) and (3.4) clarify the

domains of decision variables.

3.2.2 Lower level

min
‘z7w7q

(3

S.t.

(3.5)

Z Z Z SCijn Non Tijon + Z FC; w; + Z ZPCM Gin

J)EAREH (0,h)ES ieM i€EM heH

15



=1 if i € O(o, h)

> Tijon— > Tjion > —w,; ifi e M Vie N,Y(o,h) €S (3.6)

(i,7)€A (ju)eA
=0 Otherwise

\

Zijoh < Yijh V(i,j) € A,Vh € H (3.7)
w; < 2 Vie M (3.8)
Z gin < Cap; w; Vie M (3.9)
heH

Gin=_ Non (D Tjioh— Y Tijon) Vie M\YheH  (3.10)

(o,h)eS (Ji)eA (1,j)€A

Tijon € {0,1} V(i,j) € A,V(o,h) €S  (3.11)
w; € {0,1} Vie M (3.12)
qin = 0 Vie M,YheH  (3.13)

The objective function of the lower level (3.5) minimizes the carrier’s transportation
cost, the construction cost of facilities, and the processing cost of hazmat. Constraint
(3.6) ensures that origin nodes have a net outflow of 1. If node ¢ is chosen as a facility
(w; = 1), it can have a net outflow of -1 if it is selected as a destination, or 0 otherwise.
If node i is not selected as a facility (w; = 0), it is considered an intermediate node with
zero net outflow. All other intermediate nodes must also have a zero balance. Constraint
(3.7) indicates that the hazmat shipments can only be transported through available arcs
and constraint (3.8) makes sure that the processing facilities can only be used if it is
not banned. Constraint (3.9) guarantees that the total amount of all types of hazmat
processed at each facility does not exceed the facility’s capacity. Moreover, it indicates
that hazmat can only be processed at a facility that has been built. Constraint (3.10)
states that the total amount of hazmat processed at facility ¢ is equal to the sum of all
hazmat shipped to that facility. Constraints (3.11), (3.12), and (3.13) clarify the domains

of variables.
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Chapter 4

Solution Procedure

Bi-level models, such as the one we have developed, are proven to be inherently NP-hard,
making them computationally challenging to solve. This complexity arises from the
hierarchical structure of the problem, where decisions at the upper-level influence and
are influenced by decisions at the lower level. Due to this complexity, many researchers
tackle bi-level problems using heuristic and meta-heuristic algorithms, such as the Genetic
Algorithm and Tabu Search. These methods, while useful, typically yield near-optimal
solutions rather than guaranteeing exact optimality.

This thesis introduces an innovative approach by developing a cutting-plane algorithm
specifically designed for our integrated facility location and network design model for
hazardous materials (hazmat). Inspired by the methodology presented by Gzara (2013)
and Liu and Kwon (2020), our algorithm iteratively refines the feasible region of the
optimization problem by incorporating additional linear constraints, called cuts. This
powerful exact solution method aims to improve the accuracy and effectiveness of the
optimization process, delivering precise solutions that are essential for the meticulous

management of hazmat transportation and facility location planning.

4.1 A cutting-plane algorithm

The cutting-plane algorithm addresses the intricacies of bi-level optimization by decom-

posing the problem into two interrelated components: the master problem (upper level)
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and the sub-problem (lower level). The algorithm iteratively solves these problems, gen-
erating and incorporating cuts until convergence is achieved. we first need to transfer the
location and network design problem (LNDP) to a pure network design problem (PNDP),
following the method introduced by Melkote and Daskin (2001) and add a dummy node
0, which is connected to all candidate facility locations through dummy links with zero

cost and zero risk as illustrated in 4.2 (Liu and Kwon, 2020).

Candidate
Subpath p. = 1-2-3-0 facility locations

D) (5 () ummu IS8 oummy
N N _-w\__/ node

Subpath po = 1-4-5-6-0

1 -

Figure 4.1: Convert from LNDP to PNDP (adapted from Liu and Kwon (2020))

The following flowchart (Figure 4.2) and sections detail the cutting-plane algorithm’s

steps and its application to our bi-level model.

4.1.1 Algorithm overview

Initialization Start with an initial feasible solution for the master problem, solving it

Sub-Problem Solution Use the values of ¥ and Z from the master problem to solve
the sub-problem, yielding the solution set (7, w, ) and obtain the risk for the sub-

problem.

Optimality Check Compare the risks of master problem and sub-problem. If the sub-
problem risk value is equal to or smaller than the master problem risk value, the

optimal solution is found, and the algorithm stops.
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Cut Generation If the risks differ, generate new cuts based on the sub-problem’s dual

variables and add them to the master problem.

Iteration Resolve the master problem with the added cuts and repeat the process until

convergermnce.

( Start )

A\ 4

Solve master
problem

<l
NI

A

\ 4

Solve sub-problem

Sub's risk

Generate and add cuts

Sub's risk <=
Master's risk ?

A

Figure 4.2: Flowchart for the cutting-plane algorithm

4.1.2 Master problem formulation

The master problem focuses on minimizing the total risk associated with hazmat trans-

portation and facility operations. It is formulated as follows.

s.t.

(i,j)€A heH (o,h)€S

Z FR, qin < RiskCap; w;

heH

E Lijoh —

(i,5)eA

Tijoh < VYijh

w; < 2

g L jioh

(Ja)eA

’

>

1

=0

if i € O(o, h)
ifi e M

Otherwise
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ieEM heH
Vie M (4.2)
Vie N,¥(o,h) € S (4.3)
V(i,j) € AVheH (4.4)
Vie M (4.5)



Z gin < Cap; w; Vie M (4.6)

heH

gin=Y_ Now (D Tjioh = D> Tijon) Vie M,VheH (4.7)
(o,h)eS (4,1)eA (i,5)eA

Tijon € {0,1} V(i,j) € A, V(o,h) € S (4.8)

Yijn € 10,1} V(i,j) € A,Yh € H (4.9)

z € {0,1},w; € {0,1} Vie M (4.10)

¢in = 0 Vie M,Vh e H (4.11)

4.1.3 Sub-problem formulation

forward to solve the sub-problem which focuses on minimizing the total cost for the

hazmat carrier, given the fixed decisions from the master problem.

min YN Y SCyn Now wijor+ ) FCrwit Y > PCiain  (4.12)

(¢,7)€A heH (o,h)eS ieM ieEM heH
s.t.
=1 if i € O(o, h)
Z Lijoh — Z Ljioh § > —w; ifie M Vi € N,V(O, h) €S (413)

(i,5)eA (jo)eA

=0 otherwise

\
Zijoh < Yijn V(i,j) € A,Vh € H (4.14)
w; <7 Vie M  (4.15)
Z gin < Cap; w; Vie M (4.16)
heH
qin = Z Noh Z Ljioh — Z Iz’joh) Vi € M,Vh ceH (417)
(o,h)ES (j)eA (3,7)€A

Tijon € {0,1} V(i,j) € A ¥(o,h) €S (4.18)
w; € {0,1} Vie M (4.19)
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qin = 0 Vie M,YheH  (4.20)

4.1.4 Cut generation

Solving the sub-problem yields the solution set (Z,w,q). If the sub-problem risk value
is equal to or smaller than the master problem risk value, we have reached the optimal
solution and the algorithm stops; otherwise, cuts are generated and added to the master

problem. For each shipment (o, h) € S and each node k € M, the cut is:

Z (1= ijn) + Z gk(l —z) > 1—[p| + Z Tijoh, (4.21)

(i,9)€P keMm (1,5)€p

where

1, if p includes node k;
O = (4.22)

0, otherwise.

4.2 Computational performances

In this section, we conduct a series of numerical experiments to evaluate the computa-
tional performance of our proposed cutting-plane algorithm. The experiments are con-
ducted on a computer with a 64-bit Windows 11 system, featuring a Ryzen 5 processor
and 8 GB of RAM. We implement the cutting-plane algorithm and the associated model
using Python 3.11.4 and solve the optimization problems using Gurobi Optimizer 10.0.2.

We randomly generate problem instances based on the sets N, A, M, and S, corre-
sponding to the number of nodes, arcs, potential facility locations, and shipments (total
shipments across all hazmat types), respectively. Specifically, we use five groups of in-
stance sets with node counts of 20, 50, 100, 150, and 200. Each group includes variations
in network parameters. Across all instances, three types of hazardous materials are con-
sidered. The arc cost and risk values are randomly selected from the ranges [10, 100] and
[1000, 100000], respectively. Table 4.1 summarizes the computational results; present-

ing the average values over the five instances in each set. All tests are subjected to a
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maximum runtime of 7200 seconds (2 hours).

Table 4.1: Numerical tests results
#WN A MS |CPU Total risk Tran. risk  Facility risk Total = Trans. Facility Proc.
time (s) cost cost cost cost
1 120 80 5 10 |2.39 1,181,018 470,023 710,995 8,606 594 6,812 1,200
2 20 80 10 10 |4.56 1,453,901 394,308 1,059,593 12,830 578 11,052 1,200
3 20 160 5 10 |[10.11 905,528 194,533 710,995 8,664 652 6,812 1,200
4 |20 160 10 10 |19.88 1,016,271 230,532 785,739 14,530 329 13,001 1,200
5 (20 160 10 30 |(32.51 3,726,650 1,134,871 2,591,779 18,204 1,603 13,001 3,600
6 [50 160 10 30 [45.82 5,269,421 1,600,667 3,668,754 30,179 2,525 24,054 3,600
7 |50 160 20 30 |72.29 4,944,177 1,392,726 3551451 35244 2111 29533  3.600
8 [50 240 10 30 [98.76 3,136,563 1,198,120 1,938,443 23,859 2,395 17,864 3,600
9 |50 240 20 30 |[96.81 2,808,683 665,057 2,143,626 28,517 1,567 23,350 3,600
10 |50 240 20 60 |112.56 8,998,771  2,595.841 6,402,930 34,412 3862 23350 7,200
11 {100 240 20 60 |117.75 12,541,474 4,794,284 7,747,190 42,108 6,028 28,830 7,200
12 {100 240 40 60 |115.08 12,139,293 6,211,597 5,927,696 41,879 4,184 30,495 7,200
13 |100 400 20 60 |146.95 10,840,745 6,225,034 4,615,711 46,299 7,574 31,525 7,200
14 {100 400 40 60 |187.70 11,309,300 6,463,985 4,845,315 47,974 7,960 32,814 7,200
15 {100 400 40 100(246.83 23,186,843 11,765,738 11,421,105 58,972 14,158 32,814 12,000
16 {150 400 40 100(382.02 23,344,725 14,007,029 9,337,696 60,518 18,356 30,162 12,000
17 |150 400 60 100(574.26 24,142,716 12,006,249 12,136,467 61,379 18,658 30,641 12,080
18 |150 600 40 100(963.09 17,727,587 9,766,108 7,961,479 57,939 15,595 30,214 12,130
19 {150 600 60 100(1267.26 17,489,070 9,300,051 8,189,019 57,460 13,972 31,488 12,000
20 |150 600 60 120 (1371.62 27,624,030 10,124,671 17,499,359 63,601 17,713 31,488 14,400
21 [200 600 60 120|1820.31 35,659,389 23,596,171 12,063,218 69,273 21,643 33,180 14,450
22 |200 150060 120 |6368.57 20,224,062 11,494,003 8,730,059 70,405 21,945 34,060 14,400

By analyzing Table 4.1, it becomes evident how the size of the network influences

the optimal solution and computational performance. Notably, we observe that as the

network complexity grows, indicated by an increase in nodes, arcs, or shipments, the CPU

time also escalates accordingly. This correlation highlights the scalability challenges faced

when dealing with larger-scale networks, as they demand more computational resources

and time for optimization processes. (Figure 4.3).

22



By analyzing Table 4.1, it is evident that network size has an impact on the CPU time.
First, we observe that as the number of nodes increases, the CPU time rises accordingly.
For example, comparing cases 15 and 16, where the number of nodes increases from
100 to 150, the CPU time rises from 246.83 to 382.02 seconds. Next, it is evident that
increasing the number of arcs in the network while keeping the number of nodes, facilities,
and shipments constant also results in higher CPU times. For example, in cases 1 and
3, where the number of nodes is fixed at 20 but the number of arcs increases from 80 to
160, the CPU time rises from 2.39 to 10.11 seconds. This suggests that denser networks
demand more computation. Additionally, the number of shipments has a direct impact
on CPU time. In cases 4 and 5, where the number of shipments increases while keeping
other factors constant, CPU time rises from 19.88 to 32.51 seconds. This demonstrates
that handling more shipments requires greater computational effort, as expected, yet the
algorithm manages these increases efficiently.

Overall, while larger networks and higher numbers of shipments and links increase
the CPU time, most instances are solved in relatively short times. Figure 4.3 illustrates
that for the majority of problem sets, the CPU time remains below 1000 seconds, un-
derscoring the efficiency of the cutting-plane algorithm. Only in cases with significantly
large networks, such as cases 21 and 22, we see notable increases in computation time,
which reflects the heightened complexity of larger networks.

The impact of network size on cost and risk values is also clear. As the number of
nodes increases, both the total risk and total cost rise accordingly. For instance, in cases
10 and 11, where the number of nodes increases from 50 to 100, total risk rises from
8,998,771 to 12,541,474, while total cost increases from 34,412 to 42,108.

Conversely, an interesting trend emerges when examining the impact of increasing the
number of arcs while keeping the number of nodes constant. For instance, comparing cases
6 and 8, where the number of arcs increases from 160 to 240, we observe a reduction in
total risk from 5,269,421 to 3,136,563, and a reduction in total cost from 30,179 to 23,859,
despite maintaining the same number of nodes, facilities, and shipments. Similarly, in

cases 16 and 18, where the number of links rises from 400 to 600 while nodes, facilities, and
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Figure 4.3: CPU time

shipments remain constant, the total risk and cost decrease from 23,344,725 to 17,727,587
and from 60,518 to 57,939 respectively. This pattern exists across all other comparable
pairs. This phenomenon suggests that increasing the connectivity within the network,
represented by a higher number of arcs, can lead to a more efficient and optimized risk
and distribution, resulting in reduced overall risk exposure and incurred costs. This
finding underscores the importance of network design and connectivity considerations
in hazmat transportation optimization, highlighting the potential benefits of enhancing
network links to achieve improved risk and cost management outcomes.

For the impact of the number of shipments on the model’s objectives, when the number
of shipments increases while all other factors are fixed, it is intuitive to see that the risk
and cost increase drastically. For example, comparing cases 4 and 5 indicates that the
total risk increases from 1,016,271 to 3,726,650, and the total cost increases from 14,530
to 18,204.

In summary, while larger networks increase both the CPU time and risk/cost values,
the cutting-plane algorithm demonstrates strong efficiency for all network sizes. Most

instances are solved within a short time frame, making the algorithm suitable for practical
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applications where quick decisions are needed.
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Chapter 5

Numerical Case Study

In this chapter, we present a detailed numerical case study to demonstrate the effective-
ness and efficiency of the combined facility location and network design model. This
case study is crucial in validating the proposed model and solution methodology under

realistic conditions.

5.1 Network data

The transportation network for the city of Nanchang in China is illustrated in Figure
5.1. The network contains 32 nodes (circles), 102 links (straight lines), representing the
possible transportation routes, 8 candidate facility locations (gray circles) that may be
chosen for facility construction, and 24 hazmat generation nodes (white circles). The
nodes and arcs are characterized by attributes such as population density, distance, and

risk factors associated with hazmat transportation.

5.1.1 Risk

The risk associated with each transportation link and facility location is a critical com-
ponent of the model. The data on population density utilized in this study is derived
from the 2020 China Population Census conducted by the National Bureau of Statistics
of China. This study examines three types of hazardous materials (hazmats), each as-

sociated with distinct exposure radii, 0.5 kilometers, 0.8 kilometers, and 1.6 kilometers,
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Figure 5.1: Nanchang network

respectively.

5.1.1.1 Arc risk

To determine the exposure area, we consider the length of each transportation link in
conjunction with these specified radii. The risk associated with each link is subsequently
calculated by considering the population density of the surrounding area, the length of
the link, and the respective exposure radii of each hazmat. We have 102 arcs and for
each one of them, we have three distinct risks, each related to one hazmat type. For

incident rate data, we reference a comprehensive 20-year survey conducted from 1997 to
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2016, as documented in the Large Truck and Bus Crash Facts report by Federal Motor
Carrier Safety Administration (FMCSA) (2018). This extensive dataset provides incident
rates for various links, offering a robust basis for understanding and mitigating the risks

associated with the transportation of hazardous materials.

5.1.1.2 Node risk

Similar to the arc risk, the risks at facility locations are estimated by evaluating the
population density in conjunction with the exposure radii for the three types of hazmats.
As mentioned before, we have 32 nodes, but only 8 are candidate facility locations.
The other 24 nodes are hazmat generation nodes. For each of these 8 nodes, there are
three specific risk values, each for one hazmat type. The maximum allowable risk at
each facility, with consideration of safety and regulatory guidelines, is set at 8 x 10°
units, ensuring that the facilities operate within safe limits while processing hazardous

materials. The impact of variations in this parameter is examined in Section 5.3.

5.1.2 Cost

For network cost, we have three different types of costs: transportation cost, fixed cost
of facility construction, and hazmat processing cost. We strive to ensure that all relevant
factors influencing costs are accounted for, providing a detailed and accurate estimation

of expenses related to hazmat transportation, facility operation, and processing hazmat.

5.1.2.1 Transportation cost

The calculation of transportation costs is based on travel time combined with the cost
per unit of time. Travel time for each arc is determined by dividing the distance between
successive nodes by the speed limit applicable to that segment. Assuming an annual
travel distance of 10,000 kilometers, the costs per unit of time for the three types of
hazmats are estimated to be 100 RMB, 150 RMB, and 200 RMB, respectively. These
estimates account for factors such as fuel consumption (including gas mileage and fuel

prices), insurance premiums, and maintenance expenses. Variations in cost arise from
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differences in mileage and additional charges associated with commercial vehicles used

for transporting different types of hazmats.

5.1.2.2 Facility and processing costs

In our case study, we have 8 candidate facilities. The fixed cost of facility construction is
calculated by taking into account the local population density and the facility’s capacity.
This cost is then distributed over a period, assuming 300 operational days per year for five
years to get the final daily values for fixed costs. Moreover, each facility has a capacity for

processing hazmat and the cost of processing hazmat is different for each hazmat type.

5.1.3 Shipments and demand

In our analysis of shipments, we account for various shipments associated with each type
of hazardous material. Specifically, we have 24 generation nodes in the network with
19 distinct shipments for hazmat type 1, 16 for hazmat type 2, and 7 for hazmat type
3. Each shipment is characterized by its origin node, the quantity of demand, and the
specific type of hazmat it is transporting. The demand for these shipments varies, with

the number of shipments (demand) ranging between 0 and 10 units for each hazmat type.

5.2 Basic performance

In this section, we provide the results of the cutting-plain algorithm considering the
information mentioned above and analyze the performance of this method on our case
study network. Table 5.1 lists the risk and cost breakdowns for our case study.

Any link not blocked by the model needs to be prepared for hazmat transportation
and imposes a cost on the network. There are 47 links that are to be blocked and cannot
be used by the carrier. Shipping of hazmat type 1 is banned on 14 links, type 2 on 14
links, and type 3 on 19 links. There are also four blocked nodes, nodes 5, 16, 21, and
30. This means the carrier cannot use these two nodes to construct facilities. The final

location decisions for the carrier are nodes 2 and 25.
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Table 5.1: Risk and cost breakdowns

Total risk 16,009,952
Transportation risk 9,015,073
Facility risk 6,994,879
Total cost 32,523
Transportation cost 9,202
Facility cost 13,001
Processing cost 10,320
Number of banned roads 47
Number of banned nodes 4

Banned nodes 5, 16, 21, 30
Constructed nodes 2, 25

5.3 Sensitivity analysis on RiskCap

This section performs the sensitivity analysis on the maximum allowable risk at facili-
ties (RiskCap) and examines scenarios where RiskCap at facilities varies. Table 5.2
summarizes the results for different values of RiskCap.

The results show that as RiskCap increases, the total risk across the network de-
creases. When RiskClap is low, the model has limited flexibility, and therefore, shipments
are forced to be distributed across more facilities, which leads to higher transportation
risks. As RiskCap increases, there is more flexibility in routing shipments to fewer facil-
ities, which results in a more optimal risk distribution.

Moreover, with the increase in RiskCap, the total cost increases. This is mainly
because with higher RiskCap, facilities can handle more risk, so the model transports
more shipments to fewer facilities. This routing focuses on reducing risk, even if it means
choosing longer or less direct paths to avoid higher-risk areas. With more shipments
concentrated on specific routes and facilities, the increased demand can increase trans-
portation costs, leading to higher overall costs. This analysis shows the trade-off between

total risk and total cost.

30



Table 5.2: Sensitivity analysis on RiskCap

RiskCap 8 x 108 9 x 108 12 x 108 15 x 108 18 x 106
Total risk 16,009,952 15,563,767 15,450,305 15,248,992 15,099,470
Transportation risk 9,015,073 8,710,153 8,567,542 8,283,262 8,479,048
Facility risk 6,994,879 6,853,614 6,882,763 6,965,730 6,620,422
Total cost 32,523 32,881 33,244 33,490 33,341
Transportation cost 9,202 9,560 9,923 10,169 10,020
Facility cost 13,001 13,001 13,001 13,001 13,001
Processing cost 10,320 10,320 10,320 10,320 10,320
Number of banned 47 47 49 42 47

roads

Number of banned 4 4 4 4 4

nodes

Banned nodes 5,16,21,30 5,9,21,30 5,13,21,30 5,9,16,30 5,13,21,30
Constructed nodes 2,25 2,25 2,25 2,25 2,25

As RiskCap increases, some nodes become more important to the network’s operation.
For example, node 16 is not constructed at lower RiskCap levels but is constructed when
RiskCap reaches 15 x 10°, indicating that with higher flexibility, this node becomes a
more attractive facility location. Similarly, different nodes are banned at varying RiskCap
levels because of shifts in the optimal routing and facility selection. These changes are
due to the trade-off between transportation and facility risks.

This analysis also highlights the trade-off between total risk and risk equity. Higher
RiskClap can concentrate risk in fewer facilities, potentially increasing their vulnerability.
Therefore, selecting the appropriate RiskCap requires balancing the goals of minimizing

total risk and ensuring equitable risk distribution across the network.

5.4 Impacts of different policies on model outcomes

In this subsection, we examine the influence of imposing different policies on the outcomes

of the proposed model. In more detail, the following policies are evaluated:

e the two-ban policy (the government posing both node ban and road closure mech-
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anisms),

e the road closure only policy (focusing only on closing certain links to hazmat ship-

ments),

e the node ban only policy (pre-selected location policy, i.e., restricting facility con-

struction to pre-determined nodes, without any additional link closures), and
e 10 risk mitigation policy (no restriction is applied to roads and facility construction).

Each of these policies affects both transportation and facility risks, as well as the associ-

ated costs. Table 5.3 summarizes the results of applying these policies to the model.

Table 5.3: A comparison of different policies

Ban policies Two-ban Road-closure Node-ban No-ban
Total risk 16,009,952 28,082,281 18,844,923 32,255,654
Transportation 9,015,073 6,681,678 11,879,193 6,860,228
risk

Facility risk 6,994,879 21,400,603 6,965,730 25,395,426
Total cost 32,523 30,222 30,674 29,148
Transportation 9,202 4,320 7,353 3,239

cost

Facility cost 13,001 15,582 13,001 15,589
Processing cost 10,320 10,320 10,320 10,320
Number of 47 56 0 0

banned roads

Number of 4 0 4 0
banned nodes

Banned nodes 5,16,21,30 0 9,13,21,30 0
Constructed 2,25 9,16,30 2,25 9,13,16
nodes

For the two-bans policy, both road closure (z;jon < yijn) and node ban (w; < z;)
constraints are active. This policy imposes both road closures and facility restrictions,

resulting in the lowest total risk (16,009,952). However, the total cost under this policy
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is the highest (32,523). This increase in cost can be attributed to the limited flexibility
in transportation routes and facility locations, which forces the carrier to choose paths
and facility locations with higher costs.

The only road-closure policy can be obtained by setting w; = 1, which means all loca-
tions are available for facility construction, which results in a higher total risk (28,082,281)
compared to the two-bans policy, but it offers a reduction in total cost (30,222) which
suggests that this policy allows for greater flexibility in facility locations, leading to cost
savings. The facility risk under this policy (21,400,603) is notably higher than in the
two-bans scenario, which indicates that allowing more freedom in facility placement can
lead to increased risk exposure.

Under the only node-ban policy, the carrier has the freedom to choose any road they
want, and hence we set z;;,, = 1. It can be seen that, without posing link restriction,
the total risk (18,844,923) is higher compared to the two-ban policy, particularly the
transportation risk (11,879,193). However, it results in a lower total cost (30,674). This
is because the policy offers the carrier great flexibility in transportation route selection,
which helps minimize transportation costs (7,353); but this flexibility leads to higher
transportation risk. The limited choice in facility locations under this policy forces the
model to route hazmat shipments through cheaper yet riskier paths, which explains the
high transportation risk.

Setting both w; and z;j,, to one generates the no-ban policy, which allows the greatest
flexibility in both transportation routes and facility locations. Removing all the govern-
ment’s enforcement results in the highest total risk (32,255,654) and the lowest total cost
(29,148) among all the policies. The rationale here is that, under the no-ban scenario,
the carrier can select the most cost-efficient routes and facility locations without any re-
strictions. While this flexibility results in lower costs, it also increases exposure to risks.
Since there are no restrictions on the use of roads and nodes, the carrier can pick the
ones with the lowest costs. The higher facility risk indicates that facilities are built in
locations where public safety is more vulnerable. This policy’s outcomes suggest that

1) the government’s policies can effectively achieve the purpose of risk mitigation, and
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2) in scenarios where cost minimization is prioritized without consideration of risk, the

potential consequences to the population can be severe.

5.5 Robust solution development

In this section, we apply a robust experiment similar to that proposed by Taslimi et al.
(2017) to seek a robust policy over different scenarios. This approach ensures that the
chosen policies remain effective across different scenarios, each characterized by varying

levels of demand, fuel costs, and exposure risks. The following steps are applied.

Step 1: Policy generation We first introduce 27 scenarios by varying the values of
three key parameters: Shipping Cost (SC'), Demand (N), and Shipping Risk (SR),
each at three levels: Low (L), Medium (M), and High (H). For each scenario, we
evaluate the model’s outcomes, including total risk, transportation risk, facility risk,
total cost, and other relevant metrics. The results are summarized in Table 5.7.
By running the 27 scenarios we find the corresponding system settings/policies

(Table 5.8).

Step 2: Policy test The obtained policies are applied to all 27 scenarios for resulting
costs and risks (Tables 5.9 and 5.10). We then compare the solutions across all
scenarios and policies to identify the most robust solution. A robust solution is
defined as one that maintains an acceptable performance across scenarios. We
evaluate the variability in outcomes and select the solution that shows minimal

variability and consistently performs well.

The details of each step are discussed next.

5.5.1 Step 1: Policy generation
5.5.1.1 Shipping cost estimation

Fuel price directly affects the shipping cost. Hence we use the data published on fuel

costs in China over the past five years as a basis for analysis (petrol prices, 2024). With
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Figure 5.2: Gasoline prices in China: historical and predicted

the historical data, a linear regression model is applied to predict future fuel prices for
the next five years as illustrated in Figure 5.2.

Given the regression results, we classify the past fuel price as “Low” (L), the current
fuel price as “Medium” (M), and the predicted future price as “High” (H). These clas-
sifications are made by taking the average values for the fuel costs within each period.
Specifically, the Low fuel cost (5.91 CNY per litre) represents the average fuel price ob-
served in the earlier part of the five-year historical data. The Medium fuel cost (8.43
CNY per litre) corresponds to the most recent observed price at the time of analysis.
The High fuel cost (11.97 CNY per litre) is obtained from the projected fuel prices over
the next five years, based on the regression trend line. The predicted price of 11.97 CNY
per litre is the value forecasted for the year of 2029, as shown in the graph. Table 5.4
shows the aforementioned data. these values are used to assess the impact of fuel price

variations on shipping costs under different scenarios.
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Table 5.4: Variation in SC

L M H

Fuel Cost (CNY  5.91 8.43 11.97
per litre)

5.5.1.2 Demand estimation

As for the demand, which is assessed as the number of trucks (N), we vary the hazmat
generation rate among low (L), medium (M), and high (H) to observe its influence on
the model outcomes. The generation rate refers to the quantity of hazardous material
generated at each location per unit time. This generation rate directly affects the number
of trucks required for transportation. The higher the generation rate, the more trucks
are needed to transport the hazmat materials to the required locations.

In our model, we consider three scenarios with different hazmat generation rates:

1. Low generation rate (L): hazmat type 1 = [0-4], hazmat type 2 = [0-2], and hazmat
type 3 = [0-0.5]. This scenario represents areas where hazmat generation is minimal

and thus, fewer number of trucks are needed for transportation.

2. Medium generation rate (M): hazmat type 1 = [0-5], hazmat type 2 = [0-3], and
hazmat type 3 = [0-1]. In this scenario, hazmat generation is moderate and requires

more number of trucks compared to the low-generation scenario.

3. High generation rate (H): hazmat type 1 = [0-7], hazmat type 2 = [0-5], and haz-
mat type 3 = [0-2]. This scenario shows regions with high hazmat generation,
which necessitates the highest number of trucks due to the large volume of hazmat

produced.

Table 5.5 summarizes the variations in hazmat generation rates across different scenarios:

5.5.1.3 Shipping risk estimation

For shipping risk (SR), we vary the incident rate, which is derived from a 20-year survey

data from 1997 to 2016 in the “Large Truck and Bus Crash Facts 2016” report (Federal
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Table 5.5: Variation in N

Generation rate L M H

Hazmat type 1 [0-4] [0-5] [0-7]
Hazmat type 2 [0-2] [0-3] [0-5]
Hazmat type 3 [0-0.5] [0-1] [0-2]

Motor Carrier Safety Administration (FMCSA), 2018). The estimated low, medium, and
high incident rates are respectively estimated at 0.96 x 1076, 1.74 x 107%, and 2.34 x 1075,

In our model, we consider the impact of varying these incident rates on different links
in the transportation network. Specifically, we assign incident rates to the links in the

following manner.

Medium Incident Rate (M) We assume that all links are initially associated with the
medium incident rate. This serves as the baseline scenario where the average rate

of incidents is applied across the entire network.

Low and High Incident Rates (L and H) To investigate the impact of varying inci-
dent rates, we randomly assign 20 percent of the links to have the low incident rate
(0.96 x 1079) and 20 percent of the links to have the high incident rate (2.34 x 107°).

The remaining links retain the medium incident rate of 1.74 x 107,

Specifically, Table 5.6 summarizes the variation in incident rates. By varying the incident
rates in this manner, we can observe the effect of different risk levels on the overall
transportation risk and cost. The random selection of links for the low and high rates
ensures that the variation is spread throughout the network, allowing us to assess the

sensitivity of the model’s outcome to changes in incident rates.

Table 5.6: Variation in SR

L M H
Incident rate 80% medium 100% medium 80% medium
20% low 20% high
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5.5.1.4 Policy generation

Integrating the above three parameters each with three value cases, 27 scenarios can be
derived. At this stage, we solve these 27 scenarios to identify the changes in the model
outcomes. Table 5.7 records the resulting upper- and lower-level objective values, and
Table 5.8 summarizes the corresponding policies.

As illustrated in Table 5.7, increasing shipping costs, driven by higher fuel prices,
intuitively result in a corresponding increase in transportation costs. However, this does
not affect the total risk or other types of costs, such as facility and processing costs. For
example, comparing scenarios 1, 10, and 19, in which only SC has changed from low
(L) to medium (M) to high (H), the total risk remains constant at 22,811,066, while the
total cost increases from 43,622 to 44,818 and then to 46,398. This indicates that higher
shipping costs directly raise transportation expenses but do not influence the overall risk
levels or other cost components.

An increase in demand (V) results in higher total risks due to the increased probability
of accidents on the road. This also leads to higher transportation costs. For example,
comparing scenarios 1, 4, and 7, when the number of trucks increases from L to M and
then to H, the total risk increases from 22,811,066 to 29,701,358 and then further escalates
to 46,321,677. The total cost also increases from 43,622 to 50,949 to 57,973. This trend
shows that the number of trucks significantly impacts both risk and transportation costs,
with higher numbers of trucks leading to greater risks and costs.

Higher shipping risks, reflected by increased incident rates, elevate transportation risk
but do not affect facility risk or any cost types (transportation, facility, and processing).
For instance, comparing scenarios 1, 2, and 3 in which only SR increases, we observe an
increase from 22,811,066 to 26,371,394 and then to 27,695,859 in the total risk.

When considering the combined effects of SC, N, and SR, it is evident that changes in
SC primarily affect transportation costs, N influences both risk and transportation costs,
and IR predominantly impacts total risk. For example, in scenarios with high values for
all three parameters (such as Scenario 27 with SC = H, N = H, and SR = H), the total

risk and costs are at their highest with total risk at 51,725,026, and total cost at 59,720.
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Table 5.7: Model outcomes of the 27 scenarios

# |SC N SR Risks Costs

Total Trans. Facility Total Trans. Facility Proc.
1 |[L L L 22,811,066 14,794,077 8,016,989 43,622 4,479 28,583 10,560
2 L L M 26,371,394 18,352,071 8,019,323 43,643 4,500 28,583 10,560
3 L L H 27,695,859 19,676,536 8,019,323 43,643 4,500 28,583 10,560
4 [L M L 29,701,358 16,500,413 13,200,945 150,949 6,286 28,583 16,080
5 [L M M |35,050,760 21,750,582 13,300,178 |50,800 6,137 28,583 16,080
6 L M H |36,589,553 23,289,375 13,300,178 |50,800 6,137 28,583 16,080
7T IL H L 46,321,677 25,031,621 21,290,056 57,973 10,430 28,583 18,960
8 [IL H M 48,994,514 25,452,845 23,541,669 154,980 8,520 27,360 19,100
9 IL H H 51,725,026 28,007,316 23,717,710 54,769 8,309 27,360 19,100
10M L L 22,811,066 14,794,077 8,016,989 44,818 5,675 28,583 10,560
11 M L M (26,371,394 18,352,071 8,019,323 44,836 5,693 28,583 10,560
12 M L H 27,695,859 19,676,536 8,019,323 44,836 5,693 28,583 10,560
13/ M M L 29,701,358 16,500,413 13,200,945 [52,647 7,984 28,583 16,080
14 M M M 35,050,760 21,750,582 13,300,178 |52,452 7,789 28,583 16,080
15 M M H 36,589,553 23,289,375 13,300,178 52,452 7,789 28,583 16,080
16 M H L 46,321,677 25,031,621 21,290,056 60,575 13,032 28,583 18,960
17 M H M 48,994,514 25,452,845 23,541,669 |57,038 10,316 27,360 19,100
18 M H H |51,725,026 28,007,316 23,717,710 56,776 10,316 27,360 19,100
19 H L L 22,811,066 14,794,077 8,016,989 46,398 7,255 28,583 10,560
20 H L M 26,371,394 18,352,071 8,019,323 46,410 7,267 28,583 10,560
21lH L H 27,695,859 19,676,536 8,019,323 46,410 7,267 28,583 10,560
22 H M L 29,701,358 16,500,413 13,200,945 54,876 10,243 28,583 16,080
23 H M M |35,050,760 21,750,582 13,300,178 |54,861 10,228 28,583 16,080
24 H M H |36,589,553 23,289,375 13,300,178 |54,861 10,228 28,583 16,080
25 H H L 46,321,677 25,031,621 21,290,056 59,773 13,132 27,360 19,100
26 H H M (48,994,514 25,452,845 23,541,669 59,773 13,132 27,360 19,100
2r |\ H H H |51,725,026 28,007,316 23,717,710 159,720 13,260 27,360 19,100

By carefully reviewing Table 5.7 and Table 5.8, we realize that some policies yield
identical model outcomes, meaning they can be combined into one policy. Policies 4, 13,

and 22 have the same impact on the model, and as a result, we only keep one of them.
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Table 5.8: Resulting policy details

# |SC N SR | # of # of Banned Constructed  Total
banned  banned nodes nodes hazmat
links nodes pro-

cessed

1 L L L 69 3 513,21  2,9,16,25,30 88

2 L L M 67 3 513,21  2,9,16,25,30 88

3 | L L H 72 3 513,21  2,9,16,25,30 88

4 | L M L 60 1 21 2.9,16,25,30 134

5 L M M 59 1 21 2,9,16,25,30 134

6 |[L M H |34 1 21 2,9.16,25.30 134

7 | L H L 43 2 13,21 2,9,16,25,30 158

8 | L H M 38 2 13,21 2,9,16,25,30 158

9 |L H H 46 2 13,30 2,9,16,21,25 158

10 /M L L 71 3 513,21  2,9,16,25,30 88

1 /M L M 75 3 513,21  2,9,16,25,30 88

12 |/M L H 67 3 513,21  2,9,16,25,30 88

13|/M M L |60 1 21 2,9,16,25,30 134

4 |M M M |59 1 21 2,9,16,25,30 134

5 |'M M H 34 1 21 2,9,16,25,30 134

6| M H L 43 2 13,21 2,9,16,25,30 158

7'M H M 35 2 13,30 2,9,16,21,25 158

8 ' M H H 46 2 13,30 2,9,16,21,25 158

19 ' H L L 70 3 513,21  2,9,16,25,30 88

200l H L M 71 3 513,21  2,9,16,25,30 88

20| H L H 62 3 513,21  2,9,16,25,30 88

2 H M L |60 1 21 2,9.16,25.30 134

2| H M M |59 1 21 2,9,16,25,30 134

2 |H M H |34 1 21 2,9,16,25,30 134

25 |H H L 43 2 13,30 2,9,16,21,25 158

26  H H M 37 2 13,30 2,9,16,21,25 158

27 |H H H 50 2 13,30 2,9,16,21,25 158

Policies 5, 14, and 23, policies 6, 15, and 24, policies 7 and 16, and policies 9 and 18, are
also identical and each pair can be combined into one policy. Some other policies, such
as policies 8 and 17, are also very similar but not the same. We continue our analysis
using the 19 distinct policies.

The reason for these similarities can be attributed to the limited impact of some
parameters, particularly the shipping cost, on the overall model outcomes. While we
vary three parameters, the sensitivity analysis reveals that changes in SC often do not

significantly affect the outcomes of the model. More specifically, in policies where SC
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fluctuates between Low, Medium, and High levels, but N and SR remain constant, the
variation in the total risk, facility risk, and transportation risk remains negligible. This
suggests that the model is more sensitive to variations in N and SR, while SC tends to

have a less pronounced influence on the risk outcomes.

5.5.2 Step 2: Policy test

In this step, we apply the 19 distinct policies obtained in the first step to all 27 scenarios
to evaluate the robustness of the proposed policies. The results of risks and costs asso-
ciated with each policy and scenario are illustrated in Figures 5.3 and 5.4, providing a
comprehensive view of how each policy performs across different scenarios. The detailed
data are presented in Table 5.9 for risks and Table 5.10 for costs.

The above tables and figures show that Policy 19 consistently yields the lowest cost
and moderate to low risk across most scenarios, indicating it as the strongest candidate
for robust performance. It maintains a balance between managing risk and controlling
costs. This makes Policy 19 the strongest overall candidate. However, it is important
to note that not all policies are feasible for all scenarios. The N/As in Tables 5.10
and 5.9 indicate infeasibility. This condition arises because some policies, optimized for
specific scenarios, do not work under different values of shipping cost (SC'), demand (N),
or shipping risk (SR) and they especially seem to be more sensitive to higher demand
values. For example, a policy that works well with low demand might exceed facility
capacities in high-demand scenarios. Similarly, a policy suited to low-risk conditions may
violate risk limits when risk is higher. Despite this, it is still possible to compare policies’
outcomes. Policies like Policy 19, which has fewer infeasibilities, provide valuable insights
into a policy’s overall robustness.

The results further reveal that five policies — Policies 6, 9, 13, 17, and 18 - are
feasible across all scenarios. These policies have moderate risk and cost levels, and their
performances across all scenarios are shown in Figures 5.5 and 5.6 for the corresponding
risks and costs across all scenarios. The feasibility of these policies across all scenarios

suggests that they maintain a high level of flexibility, which makes them viable options
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Figure 5.3: Risk figure for all policies

Cost

Figure 5.4: Cost figure for all policies

in terms of robustness.

In proposing the most robust policy among the five feasible ones, policy 9 stands out
among others. Policy 9 has a better balance in terms of risk distribution and it leads
to moderate to low costs. Additionally, this policy handle variations in risk without a
significant increase in cost. This makes it a reasonable choice for decision-makers seeking
a policy that remains flexible and performs well under a wide range of conditions. Policies

13 and 18 show the lowest costs across most scenarios, among the 5 policies, making them
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Figure 5.5: Risk figure for feasible policies
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Figure 5.6: Cost figure for feasible policies

the optimal choices in situations where minimizing cost is the primary concern.
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Chapter 6

Conclusions and Future Directions

This thesis addresses the pivotal issue of optimizing combined facility location and net-
work design for hazardous materials (hazmat) transportation. The transportation of
hazmat poses serious risks to public safety and the environment due to the possibility of
accidents, leaks, and other hazardous incidents. Managing these risks while maintaining
cost efficiency in transportation and facility operations is a complicated problem that
involves two stakeholders, the government and the hazmat carrier.

To tackle this problem, we develop a bi-level programming model that takes into ac-
count the conflicting objectives of the government and the hazmat carrier. At the upper
level, the government aims to minimize the total risk of population exposure by strate-
gically closing certain roads and nodes. This risk management approach considers the
potential consequences of hazmat incidents in densely populated areas and important
infrastructures. On the other hand, at the lower level, the hazmat carrier seeks to mini-
mize the total transportation cost, which includes the costs of choosing the shortest paths
from hazmat generation nodes to processing facilities, as well as the costs associated with
hazmat processing and facility construction.

The novelty of this research is in its integration of both facility location and network
design within a single bi-level optimization framework. This combined approach has been
largely overlooked in previous studies, which typically address either facility location

or network design independently. Our model also provides the government’s decisions
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towards arc closures and introduces the concept of node ban, which has never been
addressed in the literature before. This dual consideration of nodes and arcs management
in governmental decisions provides a more realistic and comprehensive solution to the
hazmat transportation problem, marking a significant contribution to the literature.

To solve the bi-level model, we employ an exact cutting-plane algorithm. This al-
gorithm iteratively solves the master problem (upper level) and the sub-problem (lower
level), generating and adding cuts to the master problem until convergence is achieved.
The cutting-plane method ensures that the optimal solution is reached by continuously
refining the feasible region based on the interaction between the two levels of decision-
making.

The numerical case study presented in this thesis demonstrates the effectiveness of
the proposed model and solution methodology. By applying the model to a real trans-
portation network, the city of Nanchang in China, we show how the integrated approach
can significantly reduce both the risk and cost associated with hazmat transportation.
The computational results highlight the scalability of the model, proving its applicability
to networks of varying sizes and complexities.

In summary, this thesis makes a significant contribution to the field of hazmat trans-
portation by providing a robust framework for optimizing combined facility location and
network design. The proposed bi-level model and cutting-plane algorithm offer a practi-
cal tool for policymakers and industry practitioners to enhance the safety and efficiency

of hazmat transportation networks.

6.1 Theoretical implications

The insights gained from this research have important theoretical contributions to the

field of hazmat transportation:

1. The integrated model highlights the significance of strategic facility location and
network design in minimizing population exposure to hazmat risks. This emphasizes

the importance of considering both facility location and network design in risk

47



management models, which can provide a more comprehensive approach to hazard

exposure mitigation.

2. The bi-level framework offers a structured theoretical approach for implementing
policies such as road closures and node bans. This framework provides a new way
to understand how regulatory decisions can influence carriers’ routing and facility

location choices, aligning operational strategies with public safety objectives.

3. The model’s ability to handle different network sizes and complexities illustrates
its versatility. This indicates that the provided optimization framework can be
scaled and adapted to various contexts, which makes it applicable to both small

and large-scale networks.

4. The use of real data in the case study highlights the importance of data-driven
decision-making. This enhances the literature by demonstrating how accurate
and up-to-date data can be leveraged to optimize hazmat transportation networks,

which ensures both safety and cost efficiency.

6.2 Managerial insights

The insights that follow are the important implications for managers and policymakers

involved in hazmat transportation:

1. The dominance of transportation risk in the total risk profile suggests that poli-
cymakers should focus on optimizing transportation routes and improving safety
measures along these routes. Investments in infrastructure that enhance trans-

portation safety can significantly mitigate the overall risk.

2. Policies aimed at increasing the capacity of hazmat processing facilities can lead to
lower overall risks and costs, as larger facilities can handle more materials efficiently,
eliminating extensive transportation and associated negative impacts. However, the
risk at each facility should also be properly controlled by applying a reasonable risk
threshold.
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3. To deal with the high processing costs, managers ought to focus on the development
of more efficient processing technologies that can lead to significant cost savings

without boosting risks.

4. Fuel cost variations highlight the necessity of policies that promote fuel-efficient

transportation methods or alternative energy sources to reduce transportation costs.

6.3 Future plans

Building on the findings of this thesis, several avenues for future research and development

are proposed:

1. While our current model integrates node and arc decisions by the government, future
work could consider integrating multiple policies such as tolls, road constructions,
emergency response team allocation, and other regulatory measures. This would
provide a more holistic policy framework for optimizing hazmat transportation net-

works.

2. Our current model uses deterministic parameters. Incorporating uncertainty in pa-
rameters such as demand, incident rates, and costs into the model would enhance
its robustness. Developing robust optimization techniques to handle these uncer-
tainties is a promising area for future research, which ensures that solutions remain

effective under varying conditions.

3. The current model primarily considers road transportation. Expanding the model
to include multiple transportation modes (e.g., rail, sea, and air) would provide a
more comprehensive approach to hazmat transportation. Multi-modal optimization
reflects the complexity of real-world logistics and can lead to more efficient and safer

transportation solutions.

4. This thesis focuses on minimizing risk and cost without explicitly considering en-
vironmental impacts. Future studies could integrate environmental impact assess-

ments into the model to evaluate the ecological footprint of hazmat transportation.
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This would provide a more comprehensive approach to risk management, consider-

ing both human and environmental health.

. The current model is designed for offline optimization. Developing real-time appli-
cations and decision support systems based on the proposed model could facilitate
real-time decision-making for managers and policymakers. Real-time optimization
tools would enhance the responsiveness and adaptability of hazmat transportation

networks, which leads to improved safety and efficiency.
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