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Abstract A methodology is proposed to evaluate and rank
potential sites for facilities dealing with hazardous mate-
rials (HAZMAT). The proposed methodology incorporates
HAZMAT route planning into facility siting while con-
sidering transportation preferences and challenges. The
area of interest is divided into smaller zones representing
potential sites for a HAZMAT facility. A multimodal
transportation network including railways and roads is
considered for transportation of HAZMAT. Each zone is
evaluated based on its accessibility from a set of selected
points of interests (POIs), which are defined as potential
origin/destination points for transportation of HAZMAT.
The shortest routes between each POI and potential zones
are evaluated based on a cost function which can accom-
modate multiple criteria to determine the associated disu-
tility for each potential zone. Finally, zones are ranked
based on their cumulative disutility scores. The proposed

D< Babak Mehran
babak.mehran @umanitoba.ca

Musharraf Ahmad Khan
khanma2 @myumanitoba.ca

Mina Mehran
mehran2m @uregina.ca

Hyukjae Roh
roh204 @uregina.ca

Satish Sharma
satish.sharma@uregina.ca
Department of Civil Engineering, University of Manitoba, 66

Chancellors Cir, Winnipeg, MB R3T 2N2, Canada

Faculty of Engineering and Applied Science, University of
Regina, 3737 Wascana Pkwy, Regina, SK S4S 0A2, Canada

City of Regina, 2476 Victoria Avenue, Regina, SK S4P 3CS8,
Canada

Published online: 08 June 2019

analysis method is quantitative, and at the same time it is
adequately flexible to allow inclusion of subjective criteria.
Application of the proposed methodology is demonstrated
for identifying optimal locations for a HAZMAT facility
(e.g., a nuclear facility) using the Canadian province of
Saskatchewan as an example. Three scenarios were eval-
uated including (1) all network segments and POIs were
treated equally, (2) network segments were rank ordered
based on their functional classification while POIs were
treated equally and (3) network segments were rank
ordered based on their functional classification with pref-
erences given to specific POI(s).

Keywords HAZMAT transportation - Site selection -
Route planning - Shortest path analysis

1 Introduction

Siting of facilities handling hazardous materials (HAZ-
MAT) is a multidisciplinary process aiming to satisfy the
needs and interests of different stakeholders including the
general public and political, health, transportation, and
environmental authorities. Examples of HAZMAT facili-
ties include nuclear power plants, medical and research
facilities using nuclear materials, chemical plants, and
refineries. The siting process is often considered as a multi-
objective optimization problem as stakeholders may have
different and even contradicting needs and interests.
Transportation challenges and preferences are among the
main determining factors in HAZMAT facility siting pro-
cess. Availability of an efficient transportation network is
essential for seamless and safe transportation of (1) con-
struction materials, (2) mechanical parts and machinery,
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and (3) HAZMAT materials, as well as providing access to
emergency response services in the case of an accident.

Depending on the type of HAZMAT facility, trans-
portation of hazardous materials may take place periodi-
cally between specific locations and the facility as long as
it is in operation. For example, in the case of a nuclear fuel
fabrication facility, the raw materials are transported from
supply locations (e.g., a uranium mine) to the facility site,
and the fabricated fuel is transported from the facility site
to where it is needed (e.g., nuclear power plants and
research reactors). While one end of transportation route is
often the HAZMAT facility site, the other end can be in
different locations such as another city, province or even
country. Thus, often there is a set of specific ‘points of
interest” (POIs) which should be accessible from and
connected to the HAZMAT facility through ground trans-
portation network. Examples of such POIs are nearby
urban centers, intermodal freight terminals, and highway
locations at interprovincial and international borders.
Therefore, route planning has a significant impact on site
selection for HAZMAT facilities.

Transportation of HAZMAT is strictly regulated
through local and national codes such as Transportation of
Dangerous Goods Regulations [1] under Transportation of
Dangerous Goods Act 1992 [2], and international codes
and regulating bodies such as International Atomic Energy
Agency (IAEA) [3] in the case of nuclear materials. One of
the initial necessary steps in HAZMAT route planning is
transportation risk assessment, which is essential for miti-
gating the impact of any potential transportation-related
incidents. HAZMAT transportation route should be cap-
able of accommodating specific weights and dimensions
(e.g., freight and vehicle), with minimum congestion
levels, good road safety records, and preferably away from
sensitive areas such as population centers, water bodies,
and parks. Thus, HAZMAT route planning provides an
opportunity to minimize the time that the public and
environment can be potentially exposed to hazardous
materials (i.e., exposure).

In this paper, a siting analysis method is proposed to
identify and rank potential zones for any HAZMAT facility
by identifying the routes with minimum disutility between
predefined POIs and potential zones in terms of accessi-
bility, preference, and suitability of the routes in a multi-
modal network including roadways and railways. The
unique feature of the proposed methodology is that it
incorporates route planning into HAZMAT facility site
selection process. After a brief literature review, the pro-
posed methodology is described. Next, several case studies
are presented to demonstrate the application of the
methodology for identifying optimal locations for a
HAZMAT facility (e.g., a nuclear facility) using the
Canadian province of Saskatchewan as an example, which
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is followed by a discussion on analysis results. The last
section provides the conclusions and potential directions
for future research.

2 Literature review

There are various approaches and selection criteria for
HAZMAT route planning. The common point of all these
approaches is the trade-off between safety and the cost of
HAZMAT transportation. As public safety is interpreted in
different ways, agencies have defined particular measures
to maintain public safety. Such trade-offs have resulted in a
variety of HAZMAT transportation route selection meth-
ods to retain safety needs [4].

A common method for identifying the best routes for
transportation of HAZMAT is through surveys, which is
qualitative and subjective. In this method [5], a multidis-
ciplinary committee is formed to review and identify the
suitable routes based on each committee members’ priori-
ties and expertise. Various factors such as traffic volumes,
collision rate, roadway classification, adjacent land uses,
and the type of HAZMAT may be considered. Another
approach for HAZMAT route planning is the so-called D
numbers method which was proposed to address the
fuzziness and uncertainties included in route selection
process [6, 7]. In D numbers method, three main criteria
are considered, i.e., the cost of transportation, risks of
transportation, and emergency response. Each road seg-
ment is scored based on the combination of these criteria,
and the best routes for shipping HAZMAT are found by
identifying the routes with better scores. Some works (e.g.,
[8, 9]) have used multi-objective optimization in HAZ-
MAT route planning. In this approach, mathematical
techniques are used to solve multi-objective optimization
equations which result in identifying the best route based
on a set of objectives. Ma [10] applied a multi-objective
genetic algorithm (GA) to find optimal HAZMAT trans-
portation routes under uncertain risk and travel time. In
another study, Ma et al. [11] proposed a route screening
model to find Pareto optimal HAZMAT transportation
routes considering stochastic transportation risks and travel
times by applying a GA and neural network (NN)-based
multi-objective optimization algorithm. Other studies [12]
suggested the use of ‘catastrophe avoidance models’ for
HAZMAT route planning which focus on the worst-case
scenarios and possible adverse effects on the public and
environment in the event of an accident. Rocchi et al. [13]
used a combination of different criteria and weight factors
to identify the best HAZMAT transportation route. Weight
factors for each criterion indicate the risk levels and the
difficulty in controlling the risk posed by each criterion.
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Potential transportation routes are ranked based on their
risk score to identify the best route.

Another important aspect in this research is optimization
of site selection process. Geographic information system
(GIS)-based spatial data analysis methods have been used
to find the optimal locations for emergency response ser-
vices [14, 15] and solid waste landfills [16]. Kazemi et al.
[17] used GIS to determine optimal fire station locations
based on travel times. Other site selection approaches for
fire station services include the use of analytical hierarchy
process and multicriteria decision making [18], and opti-
mization algorithms such as ant colony optimization, GA,
and fuzzy multi-objective analysis [19, 20]. The focus of
the majority of existing research in this area is on facilities
such as emergency response services and fire stations. Only
a few studies attempted to address HAZMAT facility sit-
ing. Some examples include the use of map algebra for
siting nuclear waste facilities [21], and application of GIS-
based multicriteria decision analysis for evaluating new
power-generating sites [22] and site selection for hazardous
waste landfills [23].

In this research, a quantitative method is proposed to
identify and evaluate the best route for transportation of
HAZMAT, based on which, the potential sites for any
HAZMAT facility can be ranked with respect to their
associated disutility by incrementally applying different
criteria in the process. The proposed method is straight-
forward and flexible in the sense that it can accommodate
various criteria into site selection process and it allows
preferential treatment of specific sites, POIs, and route
attributes.

3 Methodology

The analysis method proposed in this research applies a
cost minimization algorithm (e.g., the shortest path algo-
rithm) to find optimal transportation routes between POIs
and potential zones for the HAZMAT facility. It is
hypothesized that minimizing the cost function across
transportation routes will result in minimum exposure to
associated risks for the public and environment in case of
possible incidents. In this context, the cost function rep-
resents the disutility of a route used for transportation of
HAZMAT. The analysis steps are presented in Fig. 1.

3.1 Step 1: identification of network elements
The area of interest for a HAZMAT facility is divided into
a network of smaller zones. Various zoning schemes such

as rectangular zones with different dimensions can be
adopted depending on the project scope and preferences.
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Step 1: Identification of network elements
- Zones
- POls
- Transportation network (roads & railroads)
- Multimodal terminals

A
Step 2: Network analysis

- Selection of segment attributes

- Feasible routes between zones and POls

A 4
Step 3: Assignment of the cost function

!

Step 4: Cost minimization algorithm
- ldentification of the shortest paths
- Estimation of the disutility scores for zones

A 4

Step 5: Ranking of potential zones
- Evaluation of potential zones
- Visual presentation

Fig. 1 Analysis steps for evaluating potential zones for a HAZMAT
facility

Each zone is represented by its geographical centroid.
Infeasible or sensitive areas such as water bodies and parks
can be excluded from the analysis. A desired buffer dis-
tance can be defined to exclude sensitive and infeasible
areas, respectively. As discussed earlier, POIs are defined
as important points which should be accessible from and
connected to the facility site. A desired number of POIs are
defined based on the project’s practical needs and short-,
medium-, and long-term planning objectives. In this
research, a multimodal transportation network including
railways and roads is considered for transportation of
HAZMAT. Transfer between road and railway network is
feasible only at multimodal freight terminals. In this paper,
‘network’ refers to the combined network of roads and
railways including multimodal freight terminals while
‘segment’ encompasses both road and railway segments
unless mentioned otherwise. To evaluate the connectivity
between POIs and potential zones, a digital map of the area
of interest is required which contains detailed information
of roads and railway segments, and multimodal freight
terminals. The network analysis tasks in the proposed
method can be handled using any GIS data analysis tool
capable of performing network and spatial analysis
including shortest path analysis.

@ Springer
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Fig. 2 Road network, potential zones, points of interest, and exclusion areas

3.2 Step 2: network analysis

Different types of criteria can be considered in route
selection process when planning for transportation of
HAZMAT. For example, highway segments may be pre-
ferred over arterial roads as they are less congested and
with much less number of intersections. Likewise, road
segments away from population centers and sensitive areas
may be preferred. Similarly, railroads may be preferred
over highways due to better safety records and additional
load-bearing capacity. Required attributes should be
assigned to each road and railway segment in the network.
Examples of such attributes include road and railroad cat-
egory, road surface conditions, length, geometry, load-

@ Springer

bearing capacity, lateral and vertical clearances, distance
from population centers, proximity to emergency response
services, connectivity to multimodal terminals, etc. Con-
sequently, a spatial analysis should be conducted to
determine all feasible routes between POIs and potential
zones in the network. Identified feasible routes must be
recorded for further analysis.

3.3 Step 3: assignment of the cost function
The cost function combines all route selection criteria and
weight factors, which represent the significance of each

criterion. The cost function is the most important feature
assigned to the segments in the network. Each feasible

J. Mod. Transport.
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Fig. 3 Preference scores and the most preferred means of transportation

route consists of many smaller segments with different
features. All feasible routes are evaluated based on their
corresponding segments’ cost function values. Equation (1)
presents a linear cost function (c,) for segment s consid-
ering n attributes (f;) for the segment. The significance of
each attribute is presented by a desired weight factor (a):

n

cs = Zaj]j-. (1)

J=1

Different functional forms can be considered to combine
multiple criteria depending on project goals and priorities.
Weight factors are determined based on the significance of
each road segment attribute in route selection analysis and
can be estimated based on field observations or through
surveys and questionnaires seeking experts’ opinion.

30
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No. of experts

W

arterial
Most preferred category

(b) Preferred means of transportation
with rank score of 1°

for nuclear materials

each POI based on the value of the cost function assigned
to the segments of the routes. For zone i and POI;, the cost
along the shortest path (SP;) consisting of g segments is
estimated by summing the values of the cost function
assigned to each segment (c,) using Eq. (2):

SPy =Y cs. (2)

As presented in Eq. (3), given m as the number of POlIs,
the disutility score for zone i (DUS,) is calculated as the
sum of the costs along the shortest paths (SP;;) from all
POIs to zone i’s centroid. Logarithmic transformation was
applied to smoothen the variations of DUS values across
the zones:

m

DUS; = log| > "SP; |. (3)
3.4 Step 4: cost minimization algorithm j=1
For each zone, the shortest path algorithm is used to
evaluate all feasible routes between the zone’s centroid and
Table 1 Cost function parameters used for Case I and Case II analyses
Parameter n o fi
Case I values 1 1 Segment length (km)
Case 1II values 1 Determined for railways, and each road Segment length (km)

category and surface type through
a survey from field experts (see Table 2)

J. Mod. Transport.
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Fig. 4 Least preferred means of transportation for nuclear materials
with rank score of ‘10’

3.5 Step 5: ranking of potential zones

The disutility scores estimated in the previous step are
assigned to each zone. To make the disutility scores
comparable within a similar scale, a normalization process
is proposed as in Eq. (4) to estimate the adjusted disutility
score (ADUS)) for each zone, which is a number between 0
and 100:

DUS; — min{DUS;}
max{DUS;} — min{DUS;}

ADUS; = x 100. 4)

In Eq. (4), min{DUS;} and max{DUS;} refer to the
lowest and the highest disutility scores estimated across all
zones, respectively. Adjusted disutility scores are assigned
to each zone and used as the basis for evaluating the
suitability of zones as potential site for the HAZMAT
facility. Appropriate color-coding scheme is adopted to
visually represent each potential zone based on its adjusted
disutility score. The final results can be presented using
heat maps.

N

A

® POI(s)
— SK_River
> SK_Lake
N\ SK_Provincial Park
vz SK_National Park
[] SK_Boundary
Adjusted Disutility Scores
B o0-10
M 11-20
I 21-30
1 31-40
41 -50
51-60
[ 61-70
B 71-80
I 81-90
Il 91-100

0 50100 200 300
e Kilometers

POI_12 POI_13

Fig. 5 Case I heat map
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Fig. 6 Case I histogram for ADUS

4 Application of the proposed analysis method

The proposed analysis method was applied to identify the
optimal sites for a HAZMAT facility (e.g., a nuclear
facility) in the Canadian province of Saskatchewan.

As shown in Fig. 2, the National Topographic Mapping
System (NTS) [24] which provides an efficient grid system
based on longitudes and latitudes was adopted to divide the
map of Saskatchewan into potential zones where each zone
represents a candidate site for the facility. In total, 722
zones were identified. Each zone is represented by its
centroid which is identified on the map. It should be noted
that many zones may be infeasible as a HAZAMAT facility
site because of their proximity to environmentally sensitive
areas such as parks and water bodies and therefore were
eliminated from the analysis. An exclusions layer was
overlaid on NTS layer to mark and exclude infeasible
zones. A buffer distance of 10 km was considered around
infeasible areas to expand exclusion areas.

For demonstration purpose, 13 locations were identified
in Saskatchewan as POIs. POIs 1 and 2 were identified in
the cities of Regina and Saskatoon representing multimodal
freight terminals, which indicate feasible HAZMAT
transfer points between roads and railways. Considered
multimodal terminals include the Canadian National Rail-
way (CNR) freight terminal in Saskatoon and the freight
terminal at Global Transportation Hub (GTH) in Regina.
POIs 3 through 11 were considered along interprovincial
highways and railways at Manitoba (Highways 1, Highway
16, and adjacent railroads along both highways) and
Alberta borders (Highway 1, Highway 7, Highway 16, and
adjacent railroads along Highway 1 and Highway 16).
Finally, POIs 12 and 13 were considered at the US border
along Highway 39 (border crossing point) and at the

J. Mod. Transport.

adjacent railway border crossing point along Highway 39,
respectively. Due to close proximity of POIs on railways
and adjacent highway locations, it was not possible to show
such POIs individually. Thus, overlapping POIs are indi-
cated with additional labels in Fig. 2. Identified POIs were
considered as potential start/end points for trips (truck or
train) that carry HAZMAT to/from potential zones in
Saskatchewan, which are considered for the HAZMAT
facility site.

The National Road Network (NRN) [25] and National
Railway Network (NRWN) [26] spatial data for the province
of Saskatchewan were used as the basic datasets for network
analysis. It is assumed that NRWN and multimodal freight
terminals are available for HAZMAT transportation, irre-
spective of their ownership, operational or legal status. The
NRN layer contains detailed data for the road segments such
as road length, functional classification, surface type, and
other important information. The NRWN contains detailed
information on railroads such as operational tracks and
categories in terms of freight or passenger.

Three case studies are presented to demonstrate the
applications of the proposed analysis method: (1) Case I:
all segments (i.e., road and railway segments) and POIs are
treated equally, (2) Case II: segments are rank ordered
based on their functional categories while POIs are treated
equally, and (3) Case III: segments are rank ordered based
on their functional categories with preferences given to
specific POI(s).

4.1 Casel
The first case study represents a single-criterion analysis

based on the segments’ length only. Equation (1) was used
to estimate the value of the cost function for each segment

@ Springer



B. Mehran et al.

A

® POl (s)

—— SK_River

<> SK_Lake

W SK_Provincial Park
v/ SK_National Park
[_1SK_Boundary

Adjusted Disutility Scores
Bmo-10
B 11-20
[ 21-30
[31-40
41 - 50
- = 51-60
POI_10 A\\3 —~ L 6170
7 : f I 71- 80
I 81 - 90
I 91 - 100

POL9

\ POI_3
iy s POI_4

_poI1

lo 50100 200 300
| s wesssmm Kilometers

POI_12 POI_13

Fig. 7 Case II heat map

[0 Case I [ Case II
180

No. of zones

0-10 10-20  20-30  30-40  40-50  50-60  60-70  70-80  80-90  90-100
Adjusted disutility scores

Fig. 8 Comparison of Case I and II histograms

@ Springer

J. Mod. Transport.



Case study scenarios in site selection of hazardous material facilities based on...

Case 1I

I’
37% A h

Case |

m Most suitable

46% = Suitable
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Fig. 9 Distribution of zones’ suitability for Case I and II analyses

in the network based on the cost function parameters pre-
sented in Table 1.

In this scenario, all segments existing in the network
have the same weight factor (¢; = 1). All segments were
treated equally with no preference either over railways and
roads or any specific road category or POI. Spatial analysis
was conducted to find the shortest paths between POIs and
potential zones. Equations (2) and (3) were used to deter-
mine the disutility scores for each potential zone based on
the sums of the minimum costs along the shortest paths
(estimated based on the cost function assigned to each
segment) from each POI to the zone being evaluated.
Consequently, Eq. (4) was used to estimate the adjusted

Rank 1

49% l

Rank 2

<

Rank 3

%

48%

Case |

Rank 1
3% 3% 3%

50% 51% 51%

Case ll

disutility scores for each zone. Once adjusted disutility
scores were calculated, they were assigned to zone cen-
troids as an additional attribute in the attribute table of each
zone. Assigned adjusted disutility scores were used as the
basis for development of the final heat map.

To produce the heat maps in this study, equal interval
method with ten classes was adopted to classify zones
based on their ADUS values. For example, considering that
ADUS values range from 0 to 100, intervals (bins) 1 to 3
represent the zones with ADUS values between 0 and 30.
Zones with lower ADUS value are more suitable as the
HAZMAT facility site.

4.2 Case 11

One of the important factors for HAZMAT transportation
route planning is segments’ structure and functionality,
which should satisfy weight and size requirements for
HAZMAT transportation. Thus, it is expected that road
segments with superior conditions (e.g., geometrical,
structural, and surface type) are more preferred. Addi-
tionally, railways may be preferred over roads considering
additional reliability and safety associated with rail freight
transportation. The second case study is a multi-criteria
scenario which allows different treatment of network seg-
ments based on their hierarchy or functional classification.
Consideration of network segment hierarchy has significant
impact when estimating the disutility scores for each zone.
As indicated in Table 1, the value of the cost function
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<
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<

N

50% 49%
m Railroad
o Highway (Paved)
m Others
Rank 5

53% 53%

Fig. 10 Distribution of railway and road segment categories for top five most suitable zones in Case I and II analyses
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Fig. 11 Case III heat map showing the impact of preferential treatment of POI_12 and POI_13 (ff = 2)

assigned to each network segment through Eq. (2) was
determined based on the segments’ length and a weight
factor determined based on the functional category of the
segments and their surface type for road segments. To
estimate realistic weight factors, a questionnaire survey
was conducted to seek experts’ opinion on transportation of
nuclear materials. The survey is described in more detail in
the following section.

4.2.1 Route planning preference survey for transportation
of hazmat

Experts’ opinions were evaluated through a survey
regarding transportation of HAZMAT, i.e., nuclear mate-
rial through different means of transportation. Road seg-
ments were classified based on the Federal Highway

@ Springer

Administration (FHWA) highway functional classification
system [27]. Fourteen categories of roads and railways
(including paved and unpaved roads) were considered in
the survey. Experts from different relevant governmental
and industrial sectors including highways and infrastruc-
ture, regional planning, energy and resources, driver’s
licensing and vehicle registration, environment, and traffic
safety were asked to rank each road category and railways
from 1 (most preferred) to 10 (least preferred) keeping in
view its suitability for the transportation of nuclear material
in terms of potential risks during transportation. In total,
318 invitations were sent, and 40 valid responses were
received with a response rate of 12.75%. As indicated in
Fig. 3a, the feedback from 40 experts suggested that rail-
ways are the most preferred means of transportation for
nuclear materials followed by freeways and then paved
highways. It can also be observed that the lower hierarchy

J. Mod. Transport.
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Fig. 13 Distribution of zones’ suitability for different f§ values and preferred POIs
roads and the roads with unpaved surface were considered It can be seen in Fig. 3a that there is a considerable shift
as the least preferred means of transportation for nuclear  in the cumulative scores given to each road category after
materials (indicated by higher preferential scores). paved highway category, indicating that categories in lower
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hierarchies than paved highways are significantly undesir-
able for transportation of nuclear materials. Also, road
categories in lower hierarchies than collectors seem to be
equally undesirable as there is much less difference in their
cumulative scores. Further investigation of the survey
findings in Fig. 3b suggests that 67.5% of the experts have
given rank score of ‘1’ to railways, while freeways and
highways were equally given rank score of ‘1’ by 25% of
the experts. Similarly, as shown in Fig. 4, lower hierarchy
roads and unpaved roads were considered as the least
preferred means of transportation for nuclear materials
with preference score of ‘10’ by 45% to 65% of the sur-
veyed experts. The survey results suggest that railways,
freeways, and paved highways are the most preferred
options for transportation of nuclear materials.

The average values of the surveyed preference scores
were used to estimate the weight factors for each road
category and railways, which were multiplied by the
lengths of the segments in the cost function when esti-
mating the disutility scores for potential zones in Case II.
Table 2 provides the values used as weight factor (o) for
each road segment in Eq. (1) in Case II analysis.

@ Springer

4.3 Case III

Case III demonstrates the application of the proposed
analysis method to prioritize a specific POI(s). In practice,
when conducting site selection studies for HAZMAT
facilities, a specific POI may be preferred over others. For
example, a particular POI which is located on a route that is
frequently used to supply HAZMAT, has strategic signifi-
cance and should be prioritized. The analysis method
presented in Case III enables preferential treatment of
specific POIs by introducing a priority factor (f > 1).
Ranking of the road and railway segments is based on the
preference scores estimated for each category similar to
Case II analysis. Thus, appropriate values for the cost
function were estimated and assigned to each segment in
the network based on the methodology described for Case
II analysis.

The shortest path analysis and estimation of ADUS
values for each zone are completed in two steps:

1. In the first step, the shortest paths are evaluated
between all zones and each preferred POI only.
Consequently, for each zone i, ADUS,,,, i.e., estimated
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Fig. 15 Quantity and spatial distribution of the most suitable, suitable, and less suitable zones considering different railway weight factors

300 350 300 350
1300 I
250 = 250 =
£ 1300 §
8 250 5 % 1 Py
2 200 TS 2 200 3
N S N . s
= g 200 %) 5 Ll _g
S sob A s
Z 3150 g Z g
50 & ‘ L ‘ ‘ s 50 50
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Railway weight factor Railway weight factor
—+ Avg. distance_most suitable zones -~ Avg. distance suitable zones -4 Avg. distance less suitable zones
o No. of most suitable zones o No. of suitable zones & No. of less suitable zones
""" Linear (no. of most suitable zones) —— Linear (no. of suitable zones) =~ Linear (no. of less suitable zones)

(a) Intermodal terminal in saskatoon (b) Intermodal terminal in regina

Fig. 16 Variation in quantity and average distance of the most suitable, suitable, and less suitable zones from multimodal terminals considering
different railway weight factors
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Table 2 Estimated weight factors for different network segment
categories

Road categories Weight factor o; (mean preference score)

Railroad 2.00
Freeway 2.88
Highway (paved) 3.05
Highway (unpaved) 5.00
Arterial (paved) 5.25
Arterial (unpaved) 6.48
Collector (paved) 6.88
Collector (unpaved) 7.60
Paved local (paved) 8.50
Local (unpaved) 8.85
Alleyway (paved) 9.15
Alleyway (unpaved) 9.35
Recreation (paved) 9.30
Recreation (unpaved) 9.25

ADUS values considering preferred POI p only, is
estimated using Egs. (2) through (4). If more than one
POI is preferred, Step 1 should be repeated for each
preferred POI.

2. In the second step, the shortest path analysis is
conducted considering the rest of the POIs (excluding
preferred POIs). Once the shortest paths from the
remaining POIs to potential zones are evaluated, for
each zone i, ADUS,;, i.e., estimated ADUS values
considering the remaining POls, is estimated using
Egs. (2) through (4).

Assuming there are p preferred POls, estimated ADUS
values for each zone i in Steps 1 and 2 are combined based
on their priority factors (f§,) to estimate zone i’s prefer-
ential disutility score (PDUS,;) as indicated in Eq. (5).
Preferential disutility score is in fact the weighted average
of adjusted disutility scores estimated in Steps 1 and 2
based on the priority factors assigned. POIs with greater
priority factors have more influence on each zone’s pref-
erential disutility score:

P_1 (B, x ADUS,;) + ADUS,;
1+ 2521 ﬁp .
Finally, PDUS values are used for evaluating the

suitability of zones as potential sites (instead of ADUS
values in Cases I and II).

PDUS; =

(5)

5 Sensitivity analysis
The case studies presented in this research pertain to the

province of Saskatchewan. Further, the weight factors used
in Case II and Case III analyses were based on a survey
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conducted in Saskatchewan. However, preference scores
and resulting weight factors may vary if the survey was
conducted in a different jurisdiction considering the sample
size, availability of road and railway categories, local
regulations, and experts’ opinion. A sensitivity analysis
was conducted to demonstrate the impact of variations in
weight factors on spatial distribution of zones considering
their suitability as potential HAZMAT facility site. For
demonstration purpose and to control for the impact of
interactions, only variation in railway weight factor was
analyzed considering Case II analysis. Ten scenarios were
defined by varying railway weight factor from 1 (most
preferred) to 10 (least preferred) while keeping the weight
factors of all other road categories unchanged. As dis-
cussed in Sect. 4.1, considering the distribution of ADUS
values, ten equal intervals (bins) were considered to clas-
sify zones based on their ADUS values. For simplicity, the
zones with ADUS values within the first three bins were
assumed to represent the most suitable, suitable, and less
suitable zones, respectively. The remaining zones with
greater ADUS values were considered unsuitable. The
quantity and spatial distribution of the most suit-
able (0 < ADUS < 10), suitable (10 < ADUS < 20), and
less suitable (20 < ADUS < 30) zones were evaluated and
analyzed in each scenario, which will be discussed in the
proceeding section.

6 Results and discussion

The results of Case I analysis are presented in Fig. 5, which
show the spatial distribution of potential zones considering
their suitability for a HAZMAT facility site. Dark green
areas indicate the most suitable zones, while dark red
regions represent unsuitable zones. Figure 6 represents the
distribution of ADUS values for all zones in Case I anal-
ysis. The histogram in Fig. 6 demonstrates a bimodal dis-
tribution. The zones in northern Saskatchewan are very far
from all POIs and relatively inaccessible. Thus, their
ADUS values are significantly large. On the other hand,
zones in southern Saskatchewan are very accessible due to
a dense road and railway network, which resulted in much
smaller ADUS values for these zones. The analysis results
indicate that the areas around the cities of Regina and
Saskatoon are more suitable for the HAZMAT facility site
if all road and railway segments are treated equally with no
preference toward any specific POIs.

In Case II analysis, after assigning appropriate cost
function values to each segment in the network, the
shortest path analysis was conducted to find the routes with
minimum cost between each potential zone and POIs.
Consequently, Egs. (2) and (3) were used to estimate DUS
and ADUS values for each potential zone. The heat map
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presenting the suitability of the zones as the HAZMAT
facility site based on the criteria considered in Case II is
presented in Fig. 7. It can be observed that the majority of
optimal zones are still located in southern Saskatchewan.
However, by comparing the results of Case I (Fig. 5) and
Case II (Fig. 7) analyses, color shifts indicating the chan-
ges in the location of optimal zones can be detected. Unlike
the results presented for Case I analysis, the optimal zones
in Case II are shifted toward POI_2 located in Saskatoon,
which is due to the existence of a multimodal freight ter-
minal with comparatively better connectivity to the road
network. This is because the railways were given the
highest priority (least weight factor) by the experts for
transportation of nuclear materials (Table 2). Thus, the
optimal zones concentrate in the vicinity of multimodal
freight terminals. It should be noted that although there is
another multimodal freight terminal near Regina, the zones
around the multimodal freight terminal in Saskatoon are
prioritized due to better connectivity and accessibility from
all POIs. Figure 8 compares the distribution of estimated
zonal ADUS values in Case I and Case II analyses. Clear
shifts are identified in the distribution of ADUS across
different zones as a result of assigning different weight
factors to various segments in the network. The chart in
Fig. 9 compares the variation in the number of the most
suitable, suitable, and less suitable zones (as defined in
Sect. 5). Zones were evaluated based on their suitability as
a potential site for the HAZMAT facility considering Case
I and Case II analyses. It can be observed that the number
of the ‘most suitable’ and ‘suitable’ zones has increased
from 15% to 19%, and 39% to 44%, respectively. How-
ever, the number of ‘less suitable’ zones has decreased
proportionally. The variations are due to applying different
weight factors to each segment considering its functional
category. The changes in the number of zones show that
the disutility of the zones is affected when different net-
work segments are given certain preferences. To further
analyze the effects of incorporating weight factors to pri-
oritize network segments based on their functional cate-
gory, the distribution of network segments constituting the
least cost routes between POIs and selected zones was
analyzed. Figure 10 compares the distribution of network
segment categories in the least cost routes between all POIs
and top five most suitable zones (with lowest disutility
scores) as identified by the analysis in Case I and Case II. It
can be observed that the share of paved highways and
railways in composition of the least cost routes across all
top five zones has increased significantly in Case II anal-
ysis as compared to Case I, which was expected as paved
highways and railways were given the highest priorities for
HAZMAT transportation in Case II analysis. Furthermore,
the share of other road categories has significantly reduced
(from 14%—-16% to 1%—-3%), which reflects less preference
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toward the remaining road categories in the network for
HAZMAT transportation. It should be noted that the share
of freeways was negligible because the freeway network in
Saskatchewan is very limited.

Case Il analysis enhances the study conducted in Case Il as
it allows assigning priority factors () to preferred POIs. For
demonstration purpose, the POIs defined along the southern
border of Saskatchewan with the USA (POIs 12 and 13) were
considered as preferred POIs with priority factor § = 2. The
heat map in Fig. 11 compares the suitability of zones as
potential sites for the HAZMAT facility considering prefer-
ences toward network segment categories and preferential
treatment of selected POIs. The impact of prioritizing POIs 12
and 13 can be confirmed by comparing Fig. 11 with Figs. 5
and 7 as most optimal zones are shifted further south toward
preferred POIs. Figure 12 compares different scenarios in
which POIs 7 and 8 along Alberta border and POIs 12 and 13
along the US border are preferred by applying priority factors
f =4 and § = 8. In each scenario, it is shown that when a
greater priority factor is applied to the same POls, there is a
reduction in the number of optimal zones in areas around the
less preferred remaining POIs, while optimal zones near
highly preferred POIs are maintained or increased. In Case 111
analysis, ten equal intervals (bins) were considered to classify
zones based on their PDUS values. The zones with PDUS
values within the first three bins were assumed to represent the
most suitable, suitable, and less suitable zones, respectively.
Figure 13 demonstrates the variations in the number of zones
with respect to their suitability as potential sites for the
HAZMAT facility considering the scenarios in Case III
analysis. It can be seen that the number of ‘most suitable’ and
‘suitable zones’ decreases in each scenario as a result of
applying greater f§ values while the number of less suit-
able zones increases proportionally, which indicates the
impact of setting stronger preference toward specific POIs. In
other words, as the value of f§ increases, only the zones with
good access which are also closer to preferred POIs will be
qualified as ‘most suitable’ or ‘suitable.” To further investi-
gate the impact of assigning different § values for specific
POIs, Fig. 14 compares the distribution of the number of
zones based on their suitability within 250 km from the pre-
ferred POIs at the US border. Figure 14b shows that as the
value of f§ increases, the zones located farther from preferred
POIs will be identified as ‘less suitable.” Therefore, the
number of ‘most suitable’ and ‘suitable’ zones within 250 km
from preferred POIs decreases significantly, which implies
that only accessible zones which are closer to preferred POIs
will be identified as ‘most suitable’ and ‘suitable.” It should be
noted that the values adopted for f§ are merely for demon-
stration purpose. In practice, f§ values should be determined
based on the perceived priority of each POI.

As discussed in Sect. 5, a sensitivity analysis was con-
ducted to investigate the changes in the frequency and spatial
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distribution of zones with respect to their suitability as the
HAZAMAT facility site considering the variations in weight
factors assigned to network segment categories. Ten sce-
narios were evaluated by changing the weight factor of
railways from 1 to 10 while keeping the weight factors of
other network segments (i.e., road categories) unchanged.
Figure 15 shows the results of the analysis for each scenario
with respect to spatial distribution of the most suitable,
suitable, and less suitable zones as defined in Sect. 5. In the
first scenario where the railways are set as the most preferred
network segment for HAZMAT transportation (weight fac-
tor = 1), the most suitable zones are concentrated around the
multimodal terminal in Saskatoon, which is due to its better
connectivity with rail and road network and accessibility
from all POIs. By increasing the railway weight factor, the
most suitable and suitable zones spread out toward the
multimodal terminal in Regina, which also provides good
connectivity to railway and road network while being
accessible from all POIs. The results indicate that as the
preference toward railways as HAZMAT transportation
route decreases further (indicated by greater weight factors),
the quantity of the most suitable and suitable zones shows an
increasing trend while their spatial distribution spreads away
from multimodal terminals in Saskatoon and Regina. Fig-
ure 16 demonstrates the observed trends quantitatively. The
average distance from the most suitable and suitable zones to
multimodal terminals in Saskatoon and Regina shows an
increasing trend as the preference toward railways as
HAZMAT transportation route decreases. As the preference
toward railways decreases, other competing network seg-
ment categories such as paved highways become a more
viable option for HAZMAT transportation. Thus, the most
suitable and suitable zones spread away from multimodal
terminals to areas with better access to paved highways
which are mainly in southern Saskatchewan. Accordingly,
the quantity of less suitable zones shows a decreasing trend
indicating that zones previously labeled as ‘less suitable’ are
re-identified as ‘suitable’ or ‘most suitable’ as a result of
reduced preference for HAZMAT transportation through
railways. The zones in northern Saskatchewan are classified
as unsuitable in all scenarios evaluated due to their
remoteness and limited access to railway and road network.

7 Conclusions

A methodology was proposed to identify and rank the
optimum sites for HAZMAT facilities considering acces-
sibility and transportation preferences. The proposed
method considers a multimodal transportation network
including roads and railways and incorporates HAZMAT
route planning into HAZMAT facility siting considering
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experts’ opinions to prioritize network segment (i.e., rail-
way and road) categories for HAZMAT transportation.

The area of interest is divided into smaller zones representing
potential sites for the HAZMAT facility. A set of desired POIs
are identified along major highways and railways in the area of
interest indicating essential origin and destination points, which
should be accessible from the HAZMAT facility site. A cost
minimization algorithm is applied to evaluate the shortest paths
between all POIs and each zone in the network, which is used to
establish a disutility score for zones. The cost function assigned
to network segments allows incorporating transportation pref-
erences into HAZMAT route planning based on functional
classification of network segments. Transportation preferences
are considered by assigning specific weight factors to each
network segment category based on their functional classifica-
tion and experts’ opinion. Zone disutility scores are used for
ranking the zones in terms of their suitability as the HAZMAT
facility site. Applications of the proposed methodology were
demonstrated based on several case studies using the Canadian
province of Saskatchewan as an example. The case studies
presented different aspects and applications of the proposed
analysis method including preferential treatment of specific
network segment categories and POIs. Finally, a sensitivity
analysis was conducted to evaluate the changes in the frequency
and spatial distribution of zones with respect to their suitability
as the HAZAMAT facility site considering the variations in
weight factors assigned to network segment categories.

The proposed methodology only considers accessibility
and transportation preferences to identify optimal locations
for HAZMAT facilities. However, to generalize the
methodology, other factors such as transportation risks (in-
cluding the risks to humans and environment), availability of
emergency response centers, and road geometry and load-
bearing capacity should be considered as additional decision
criteria. Yet, as each decision criterion may have a different
unit, the methodology should allow incorporating inhomo-
geneous decision criteria into the analysis, which will be
addressed in future extensions of this research. Furthermore,
to improve the efficiency of the proposed analysis method,
data reduction methods could be considered to reduce the
intensity of spatial data analysis subject to required level of
accuracy and availability of computational resources.
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