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» The nonlinear model initially developed is converted into a mixed integer linear form.
» The new model can simultaneously optimize transfer yard locations and routing plans
» Two case studies are conducted and demonstrate the applicability of the new model.
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HAZMAT location and routing is significantly different from its
single-mode counterpart. It requires the transfer of HAZMAT con-
tainers or tanks between different modes, which typically needs
special equipment and trained operators with particular exper-
tise. Due to budget and cost considerations, it would be unwise for
the carriers/shippers to invest in all candidate intermodal facilities
(transfer yards) and to make them available for HAZMAT transfer.
In addition, the locations of these transfer yards can have a signifi-
cant impact on the optimal routing decisions and consequently on
the total transportation risk and cost. It is important to consider
the locations of HAZMAT transfer facilities and the routing plans
simultaneously.

Some researchers also pointed out the importance of multi-
modal HAZMAT location and routing. In a recent study conducted
by Chang et al. [3], the authors developed an algorithm that can
efficiently find the minimum cost intermodal paths given time-
dependent travel costs and delays for both links and transfer
nodes. In our research, the multimodal HAZMAT location and
routing problem is addressed from a different perspective and a
joint facility location and routing model is proposed, which is the
first attempt to simultaneously optimize the multimodal transfer
yard locations and transportation routes based on an extensive
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Fig. 1. Example of a network for multimodal HAZMAT transportation.

literature review. Using railways and highways as an example, a
sample multimodal HAZMAT transportation network in Fig. 1 is
utilized to illustrate the proposed idea. For this multimodal net-
work, highways and railways are connected only at transfer yards,
where HAZMAT can be transferred from trucks to railcars and vice
versa. The rectangles in Fig. 1 denote origins or destinations of HAZ-
MAT. The circles represent candidate locations for transfer yards,

which are usually determined by HAZMAT carriers/shippers based >
on safety, security, availability, cost, and accessibility concerns. T&

problem to be addressed in this research is to identify an op
subset of locations from all candidate transfer yards and als 0
the best transportation plans/routes based on the se

yards. The number of transfer yards can be either c1ﬁed or
optimized based on cost, as the HAZMAT carriers/shippers usually
raine

have a limited budget for transfer equ1pment a orker
This problem is first formulated as an mt e ear progrm

It is further converted into an integer lme so that it
be solved more efficiently. This linear pr(ﬁ%it model is a &
a small-size network using CPLEX [4 ate how it &
is then applied to a large-size net o monstr te j

bility to solve realistic mul AT locatlo ting
problems. X

2. Overview of p v10

Existing HAZM

tudié§can generally be cate-
gorized into the foll i

le routing and scheduling
éling [12-15], facility loca-
g [17], and development of
veral milestone reviews [19-20]
marize the HAZMAT transportation
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ncluding significant recent studies, it is out
arch given the many papers published in the
is review, we choose to only focus on rel-
ansportatlon research, including vehicle routing,
and integrated location and routing studies.

A numbe of studies have addressed the HAZMAT vehicle rout-
ing problems. Sherali et al. [5] proposed a routing model to
minimize the risk of low probability-high consequence accidents,
in which both the expected risk of accidents and the conditional
expectation given that an accident has happened are considered.
Nozick et al. [6] proposed an integrated routing and scheduling
model based on time-varying routing parameters. Along the same

tion [16], integrated location
decision support syste

line, several other researchers [7-9] also investigated HAZMAT
routing problems with time-varying link attributes (e.g., travel
time). In a recent study by Kazantzi et al. [10], the authors utilized
the Monte Carlo simulation for risk assessment to account for the
uncertainties in model inputs. They also proposed a framework that
can handle routing decisions over multiple decision periods. Other
than highways, lakovou et al. [21] developed a multi-commodity
and multiple OD model for maritime HAZMAT routing. Recently,
Verma [1] proposed a bi-objective model to minimize the risk of
transporting HAZMAT via railway network. A similar study was
conducted by Verma et al. [22] and the authors developed a genetic
algorithm to solve it.
In addition to vehicle routing, many studies have also b

conducted on facility location and integrated facility locatioff{and

ducted one of the pioneering
location and HAZMAT routmg

lem as a multi-objective d
an off-the-shelf optimizati @ . Asimi
by Cappanera et al bhheflocation and

and a Branc

dligean relaxation
and Melachrinoudis

[23] develope facility locatio ing model to site a
yas introduced to find

single facilig® th reliability
the best f%acation. other studies also inves-
tigat mal loca uting of hazardous materials
H&Wwever, all th studies considered a single-mode
rdilway or hi ay) metwork and the goal is to optimally
osal/treatme%lities, which is different from the multi-
dal location a outig model to be developed in this research.
The HAZMA ion and routing problems reviewed are
often for ted as multi-objective optimizations. Several differ-
ent ave been proposed, including transportation and
facnl& 6,21,22,24-29], transportation and facility costs
2,24,26-28], travel time [25,29], expected number of
i [23], individual disutility [24], equity [27], and prop-
mages [29]. In order to incorporate multiple objectives in
optimization process, a commonly used strategy is to assign
eights to the selected objectives and combine them into one
[1,21-22,26-27]. This method gives the decision maker a lot of flex-
ibility to choose the weights, which reflect the relative importance
of various objectives in the decision maker’s opinion. Another pos-
sibility is to provide the dollar values of each objective, although
this is not an easy task. Zografos and Davis [29] introduced a goal
programming method. This method can avoid assigning weights
directly to various objectives. However, it still needs to assign
weights to the deviational variables associated with different objec-
tives in the objective function. In this research, we choose to use
the weight method, since it is very flexible and has been adopted
in many previous studies [1,21,22,26-27].

Another important aspect closely related to the HAZMAT facil-
ity location and routing is risk modeling. List et al. [19] conducted
a comprehensive survey of risk studies for HAZMAT transporta-
tion prior to the 1990s. The risk analyses in these studies are
mostly based on methods developed by the nuclear power industry,
including the fault tree method and a three-stage framework [19].
Among them, the three-stage framework divides the HAZMAT risk
analysis into three stages: (1) HAZMAT accident probability esti-
mation, (2) level of exposure analysis, and (3) magnitude of the
consequence analysis. The accident rates are route specific and can
be easily estimated given reliable historical HAZMAT accident data.
A number of other risk analysis models [30-33] have also been pro-
posed since then, and some require very detailed input data such
as wind direction [32-33]. With the assistance of modern comput-
ers, these complicated risk models can be readily implemented.
In addition, there exist many other risk modeling methods in
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HAZMAT transportation publications [12-15]. Since our focus is
not risk modeling, a detailed review of these methods is beyond
the scope of this research. In this study, a simple while commonly
used risk model is adopted and is detailed in Section 4.2.

The problem under investigation in this study is fundamen-
tally different from all previous research. First, we choose to
optimize the HAZMAT location and routing plans that involve
multiple modes. As discussed in the introduction section, this
is becoming increasingly important for HAZMAT transportation.
However, this particular area has not been adequately studied
yet and most previous studies on HAZMAT location and routing
dealt with single mode. Second, all existing integrated location
and routing HAZMAT models are designed specifically for siting
either disposal or treatment facilities, while this research aims
at optimally siting transfer yards. In the next section, the prob-
lem under investigation and its formulations are presented in
detail.

3. Mathematical formulation

A multimodal network consisting of railways and highways
is considered in this research. This network is described by a
directed graph G=(N,E), where N={Ny, Ng, Nyr} is the node set
and E={Ey, Eg} is the edge set. The node set consists of three
subsets: Ny, Ng, Nygr. Ny represents nodes where highways con-
nect or end; Ng represents nodes where railways connect or end;
and Nyg is for nodes where railways connect to highways and
HAZMAT shipments can be transferred between the two modes.

nodes. Since HAZMAT transfer yards require special equipme
trained operators, only selected nodes in Nyg will be ma

able for HAZMAT transfer. At the planning stage, all no

can be considered as the candidate locations for fer
yards. Each candidate transfer yard i € Nyg has a pment risk
(r;) associated with it due to the potential HAZM pills caused
by the transfer operations. Each candidate sfer yard also ha
a total cost (f;) consisting of an annu@z%}tal cost a;d
operating cost. These risk and cost fa affect wh
candidate site should be selected or n Each edge
per-shipment risk (r;) and per-s ipnie ) assoc th
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directly related to the nu RIAZMAT ship trans-
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factors such as the m%nty of the yards. F ance, the HAZ-
MAT demand change oVer time, the yard
owner howeve oximately the same rent,
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the average ost for a single shipment. Since the proposed
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modeli gpurpose, deterministic and time-independent
link k and cost are considered. In addition, we con-
sider ¢Original-Destination (OD) pairs and a single type of
HAZMA

3.1. Nonlinear model

The aforementioned problem is initially formulated as a
multi-objective integer program in Eqs. (1)-(8). There are four
major components in the objective function (Eq. (1)), which

account for the total link risk, total link cost, transfer yard
capital and operating costs, and total risk during the transfer
process.
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where, n¢ - number of shipments for the cth OD pair; y;; - risk per
shipment on edge (ij) € E; l; - cost per shipment on edge (i,j) €E;

- faction of shipment for OD pair ¢ served by edge (i,j) (decision
variable); f; - capital and operating costs for candidate transfer yard
i; Y; - 1if candidate transfer yard i is selected, O otherwise (decision
variable); r; - risk per shipment at candidate transfer yard i; Tf -
fraction of the shipment for the cth OD pair transferred at yard i
(decision variable); Ny - set of highway nodes; Ng - set of railway
nodes; Nyg - set of candidate transfer yards; Ey — set of highway
network edges; Eg - set of railway network edges; E - set of all net-
work edges, E=Ey UEg; C - set of OD pairs; Max_L_Risk - maximum
link risk; Max_N_Risk - maximum transfer yard risk; CAP; — capacity
of candidate transfer yard i; o54(c) — origin node of the cth OD pair;
dest(c) — destination node of the cth OD pair; a - weight for risks;
and ,B weight for costs.

The first set of constraints (Eq. (2)) is to ensure flow conservation
for highway nodes (Ny); similarly, the second set of constraints (Eq.
(3)) is for flow conservation of railway nodes (Ng); Egs. (4) and (5)
are the flow conservation constraints for candidate transfer yards;
Eq. (6) defines a new variable T{ representing the percentage of
shipments for the cth OD pair that are transferred at the ith can-
didate yard. This variable is included in the objective function to
calculate the total transfer risk. Eq. (7) is to ensure that the total risk
oneachlinkislessthanaspecified value; similarly, Eq.(8) is to make



138 Y. Xie et al. / Journal of Hazardous Materials 227-228 (2012) 135-141

sure that each selected transfer yard will not cause the surround-
ing area to be exposed to HAZMAT risk higher than a threshold
value; each candidate transfer yard can only handle a limited num-
ber of HAZMAT shipments and this capacity is reflected in Eq. (9).
Since this is a multi-objective optimization problem, two weights
are included to denote the relative importance of transportation
cost and risk.

3.2. Animproved linear formulation

The model formulation introduced in the previous section is
easy to understand. However, it is nonlinear and also contains an
absolute term, which makes it very difficult to solve. In this section,
this model is reformulated. Several new constraints are introduced
to replace the nonlinear and the absolute terms. Although the new
formulation is less straightforward, it is in a mixed integer linear
form and is relatively easy to solve. Specifically, we reformulate
the nonlinear constraints (Egs. (4)-(6)) in the previous model and
convert them into the following linear forms, where M denotes a
very large value. All other symbols used in Egs. (13)-(16) have been
introduced previously and will not be duplicated here.

“M-Yis YO XE— > XG=M-Y; VieNug,ceC (13)
(i,k)eEy (k,i)eEy
D X D Ka-MO-¥s 3T X- 30X
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(m,i)eEg (i,m) e Eg
~M-Yi= Y X - > X, =M-Y; VieNug,cel
(i,m)eEg (m,i)eEg
STE= > XS — > XG =T VieNpr,ceC (16)
(

i.k)eEy (k,i)eEy
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nodeiareequal.Eq.(15)iseq .(5).This ¢ 1¥is to
ay flows aggfod8 a anced
if candidate yard i is not C g. (16) cd % s to Eq. (6).
As shown above, the nﬁtraints (Egls. (1 §)) are essen-
tially equivalent
in Egs. (4)-(6). By
terms, the original
linear program, which can be sd
optimization tools such as

()
Ka)

es a mixed integer
fectly by some off-the-shelf

4. Computational resu

Two case st
posed model cé
routing me@el
work

e conducted to demonstrate how the pro-
ed for multimodal HAZMAT location and
rst case study considers a small-size net-

v nine nodes and two OD pairs. For this simple
network, W arg’able to provide detailed model outputs to better
illustrate how’the developed model works. Case study II is based
on a realistic-size network consisting of major railways and inter-
state highways in twenty southern states (e.g., California, Arizona,
Texas, Georgia, South Carolina, Florida, etc.) in the United States.
The main purpose of case study Il is to evaluate the applicability of
the developed model for realistic-size problems and its computa-
tional efficiency.
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Case-study I: candidate transfer

Yard ID

w ww

\«ork for case study I. Numbers next to

ch link and no arentheses describe the cost per shipment

($/shipme and those numbers in parentheses next to each link
isk per shipment (number of people/shipment).

represen
Nod& and H are candidate transfer yards. Their annual-
ized'@@nSt@ction and operating costs, capacities, and per-shipment
s afi®listed in Table 1. The link and yard per-shipment risk val-

be calculated using the same method to be introduced in

tion method are deferred to Section 4.2. The maximum risk a link
can receive is limited to be 5000 people per year, and the maximum
risk a transfer yard can take is limited to be 2000 people per year.
In addition, it is assumed that every year there are 200 shipments
of HAZMAT from A to I and 300 shipments from G to C.

Four scenarios with different weights (o and ) are considered
as shown in Table 2, where “# of Constr.” reports the total num-
ber of constraints and “# of Var.” represents the total number of
variables for case study I network. The proposed model is coded
in CPLEX studio using OPL and solved to optimality for all scenar-
ios. For scenarios 1, each OD pair has only one optimal route. For
other scenarios, an OD pair may have two optimal routes and HAZ-
MAT shipments for that OD pair are split between the two routes.
Note that if a candidate yard is on an optimal route, this does not
necessarily mean this candidate yard is selected unless there are
transfer activities at this yard. As the result in Table 2 suggests,
more candidate yards are selected when larger risk weights (o) are
considered. Such a result is reasonable for this particular example,
since all the HAZMAT either originate or end at a highway node and
the railways are much safer and less costly than the highways. This
trend however may not hold true for other problem settings, as the
number of candidate transfer yards selected depends on several
factors, including the costs of candidate yards, the number of HAZ-
MAT origins and destinations connected to highways or railways,
and obviously the distances of candidate yards to various origins
and destinations. As expected, the computation time for this small-
size network is not an issue. In fact, for all the scenarios tested, it

’Qtion 42 (E - i
. .2 (Egs. (17)-(19)). However, to keep this first example as
Egs. (13) and (14) are equivalent to E&‘:)" I are to ens raightforward as possible, detailed discussions on their calcula-
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Table 2
Case-study I: scenarios produced by different weights.

Scenario o (risk weight) B (cost weight) Selected yards Optimal routes # of Constr. # of Var.

1 0.0 1.0 None 1: A-B-C-F-1(100%) 106 61
2: G-D-A-B-C (100%)

2 04 0.6 D,F 1: A-B-C-F-1(50%)
1: A-D-E-F-I (50%)
2: G-D-E-F-C (100%)

3 0.6 0.4 D,F 1: A-D-E-F-1 (100%)
2: G-D-A-B-C (33%)
2: G-D-E-F-C (67%)

4 1.0 0.0 B,D,F 1: A-B-E-F-1 (100%)
2: G-D-E-B-C (33%)
2: G-D-E-F-C (67%)

Table 3
4 Case-study II: candidate transfer yar, ation
Legend G
N Yard ID f;, annual cost
Railways @ Candidate Yards A (in $1000/year
Highways A Origins/Destinations

1,200

0 300 600
— | ilometers

Fig. 3. Network for case study II.

takes less than one second to solve the formula
a laptop with an i7 2.30 GHz CPU and 8 GB RAM.

o
Case study Il considers a mediumgsi twork consisti g&}
railway links and 568 interstate h@ Iinks shown jayF1 e

highway and railway netwgor, ained from Census
Bureau'’s TIGER [34] GIS echin the IS [35]

shape file format. To faci el@ped several
Visual Basic for Applica

4.2. Case study Il

shipments per year. For th&j
between nodes are

are se nd $1.07 per kilometer per shipment, respec-
tivel§ tary accident frequency for railways and highways
are as 0 be 0.19 x 10~ [39] and 0.62 x 106 [40] per kilo-
meter per Shipment, respectively. Similar to some previous studies

[41-42], the risk for each homogeneous road segment is measured
as the multiplication of the accident rate and the number of people
affected by a potential HAZMAT accident as shown in Eq. (17). The
total risk for a road link consisting of several homogeneous seg-
ments is calculated using Eq. (18). Similarly, the risks for transfer
yards are calculated by Eq. (19). pjjx, POPy, and Len;j represent the

@ 15 @69
blem using 3 x

probability per shipment, population density, and length
or kth segment of road link (i), respectively. p; is the acci-
probability per shipment for transfer yard i and POP; is the

Qumber of people that may be at risk. The units for both y; and y;
are number of people per shipment.

Viik = DijkPOPgiLengy, (i,j)€A (17)

)/U = Z]/ijk = p,»jkPOP,-jkLenijk, (l,]) €A (18)
k

¥i = DpiPOP;, i€ Ny (19)

There are various ways of modeling link risk [12-15] and the
method adopted here may not be the best one. However, since the
focus of this research is to develop and evaluate a new location and
routing model formulation, the adopted method should be suffi-
cient for the purpose of this research. The costs, risks and capacities
for the candidate transfer yards are listed in Table 3. Due to the
lack of real-world data, the numbers in Table 3 and the population
dataused are all hypothetical values. For real-world HAZMAT trans-
portation applications, the above assumed numbers should either
be properly adjusted or replaced by observed values based on the
type of HAZMAT being modeled. In addition, the cost and risk val-
ues per kilometer per shipment should also be carefully calibrated
based on each link’s characteristics in the real world.

As mentioned earlier, there are a total of 600 OD pairs that can
be included in the modeling process. Including more OD pairs may
substantially increase the computation time for finding the optimal
solutions. To quantify such impact, tests with different numbers of
OD pairs are conducted and the results are presented in Table 4. For
all the tests, both o and B are set to be 0.5 to ensure consistency
in comparison. The same laptop used for case study I is utilized
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Table 4
Case-study II: computational details.
Test scenario # of OD pairs Total computation # of iterations # of Var. # of Constr. Gap (%)
time (seconds)

1 5 2 6162 6081 3778 24.44
2 10 2 14,952 12,146 6328 22.30
3 20 3 18,878 24,276 11,428 9.92
4 30 15 162,508 36,406 16,528 0.00
5 40 17 170,333 48,536 21,628 0.00
6 50 24 240,718 60,666 26,728 0.00
7 60 32 281,702 72,796 31,828 0.00
8 80 64 405,424 97,056 42,028 0.17
9 100 92 923,692 121,316 52,228 1.50

10 135 133 839,436 163,771 70,078 2.61

11 165 216 1,001,528 200,161 85,378

12 200 258 1,581,379 242,616 103,228 01

13 250 443 2,553,498 303,266 28,728 >

14 300 666 2,479,936 363,916 4,228 7

15 450 1065 1,398,430 545,866 ,728 1

16 600 2332 1,058,748 727,816

Table 5
Case-study II: scenarios produced by different weights.

Scenario o (risk weight) B (cost weight) Total risk Total cost (in
(number of $1000/year)
people/year)

1 0.00 1.00 167,790 61,654
2 0.03 0.97 87,620 61,695
3 0.06 0.94 87,071 61,725
4 0.10 0.90 82,571 62,160
5 0.20 0.80 79,171 62,787
6 0.30 0.70 76,105 63,920
7 0.35 0.65 67,843 67,557
8 0.40 0.60 62,586 70,791
9 0.50 0.50 62,543

10 0.60 0.40 60,926

11 0.70 0.30 58,645

12 0.80 0.20 57,051

13 0.90 0.10 56,696

14 1.00 0.00 56,634

“# of Var.” is the total numbergf and “Gap(%)‘%per-
centage difference betwee iQ & best

bound found. As can be see

es dras-

this issue, resear
algorithms. Develo
requires considerablg time and
research is only focused on deve
modal HAZMAT model.
In addition to comp e, different scenarios are inves-
tigated to find out how tigobjective function value changes as a
result of varying thessisk an st weights. For all the scenarios, the
case study Il net h 100 OD pairs is considered. The values of
the risk and cos' oments in the objective function for different
i d in both Table 5 and Fig. 4. The results sug-
particular example, choosing an « > 0.70 canresult
N y larger cost component value. Similarly, choosing
a B>0.8 willfead to a much larger value for the risk component.
Table 5 and Fig. 4 can be helpful for finding the best weights. For
instance, if one is not quite sure or does not have a strong opinion
about the relative importance of risk and cost, the weight com-
binations for scenarios 5-10 probably are better options for this
example. Outside this range, an insignificant decrease in risk will
result in a substantial increase in cost and vice versa.

Due’to limited time, this
and evaluating the multi-

and the re s&\
il nimber of coastr

- < (010 090)
W (006 0949 (©.00, 1.00)
[ T(0.03, 0.97) N
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Risk (in thousand people)

Fig. 4. Case study II: total cost as a function of total risk.

5. Conclusion remarks

In this paper, we propose a multi-objective and multimodal
model that can simultaneously optimize transfer yard locations and
HAZMAT transportation routes subject to risk and cost constraints.
The proposed model is formulated as a mixed integer linear pro-
gram and coded in CPLEX studio using OPL. It is also extensively
tested on two sample multimodal networks consisting of highways
and railways.

From the results based on the first sample network (case study ),
it is found that the risk and cost weights in the objective function
can have a significant impact on the number of candidate trans-
fer yards to be selected. Since railways typically have much lower
accident rates than highways (as shown in Section 4.2) and many
HAZMAT transportation demand nodes are connected to the high-
way network directly, in general for long-distance shipments the
larger the risk weight is, the more candidate transfer yards will
be selected to take advantage of the low-risk feature of railways.
This hypothesis has been supported by the case study I results. The
developed model is further tested on a medium-size network with
approximately 1200 links, 15 candidate yards, and 600 OD pairs. It
is solved to optimality in about 40 min. Considering the fact that a
regular laptop computer is used, the computational performance
of the developed model is quite encouraging. In case study II, a sen-
sitivity study is also conducted to quantify the impact of the risk
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and cost weights and to demonstrate the importance of choosing
proper values for them.

According to the 2007 United States Commodity Flow Survey
[2], multimodal transportation is playing an increasingly impor-
tant role in HAZMAT transportation practices, which requires more
research on multimodal HAZMAT location and routing modeling.
Despite the growing needs, little attention has been paid to this
relatively new area. This research is among the few studies focus-
ing on the location and routing modeling of multimodal HAZMAT
transportation. It also is the first attempt to address the optimiza-
tion of transfer yard locations and routing plans simultaneously. Itis
our hope that this study could inspire additional in-depth research
and discussions on this topic as discussed in Section 6.

6. Future research

The main objective of this research is to develop a multi-
modal location and routing model for HAZMAT transportation and
hopefully open up a new research area (i.e., multimodal HAZMAT
location and routing modeling). Thus, this paper focuses on the
location model development instead of other issues such as link
and yard risk models, delay at yards, uncertainties in model inputs,
equity issues, and the consideration of real-world data, even though
these topics are also very important. Future research can incorpo-
rate these additional factors into the proposed model to further
enhance its applicability and capability. Additionally, only one com-
modity type is considered in this research, future studies can build
upon the proposed model and take more commodity types into
account. Finally, it would be interesting to research on heuristic
more efficient exact algorithms for the proposed model.
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