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Title

Intermodal Infrastructure Investment Decisions and Linkage to Economic Competitiveness

Introduction

This study proposes a mixed integer dynamic capacitated intermodal facility location model that
incorporates downside risk management to facilitate the strategic intermodal facility investment
decision-making process under uncertainty in commodity flow. A uncoordinated and/or myopic strategic
intermodal facility investment planning approach may lead to inadequate or wasteful intermodal facility
investment. To address limitations of such an approach, this study proposes a holistic system level
approach for strategic intermodal facility investment planning. The proposed approach incorporates
systematic and coordinated decision-making for strategic intermodal facility investment planning. The
proposed methodology provides national-level policymakers with tools to develop policy and regulatory
decisions. It also enables local and regional stakeholders to make coordinated, more informed
investment decisions that maximize their investment potential.

The IFLMD can also be used to address several real-world issues in the design of the strategic intermodal
facility investment plan, including: uncertainty in commodity flow due to different estimates of future
international trade, changes in commodity flow distribution due to congestion, system-level congestion
reduction, the impact of emerging infrastructure development on commodity flow distribution within
the region of interest, and the impact of empty container repositioning cost on commodity flow
distribution. The downside risk is incorporated in the proposed model to hedge the investment risk
associated with commodity flow uncertainty due to different estimates of future international trade and
different emerging infrastructure projects. Downside risk analysis is used to identify different intermodal
facility investment plans that are consistent with different risk tolerance levels of system level strategic
intermodal facility investment decision-makers or policy-makers. The obtained intermodal facility
investment plans illustrate trade-offs between two objectives: minimizing expected system costs and
reducing downside risk. To perform the downside risk analysis, different allowed system level downside
risk values are considered.

Findings

Results for different allowed system level downside risk values are analyzed to rank intermodal projects
based on the associated risk. This helps to categorize at national level intermodal projects into several
groups: (i) intermodal projects with low risk (six terminal projects: Arizona, Florida, Georgia, New Jersey,
Pennsylvania, and Texas; and three port projects: Charleston, Boston, and New Orleans), (ii) intermodal
projects that are not optimal in any scenario regardless of allowed system level downside risk (port



project in Wilmington, terminal projects in Connecticut, lllinois, Indiana, Massachusetts, Maine,
Michigan, Nevada, New York and Virginia), (iii) intermodal projects that may or may not be included
depending on the allowed system level downside risk (port projects in Jacksonville and Los Angeles /
Long Beach, terminal project in Utah, and three terminal projects in California).

Recommendations

Insights from the numerical experiments suggest that investing in terminals is preferable when the
allowed system level downside risk is low. When the allowed system level downside risk is on the higher
side, port intermodal projects become more preferable. The results also show that with lower allowed
system level downside risk, the expected system costs and cost variance increase due to more restrictive
conditions imposed on commodity flow distribution as fewer investment plans are feasible. Further, the
optimal intermodal facility investment plan can change significantly due to uncertainty in commodity
flow and different risk perceptions of the system level strategic intermodal facility investment decision-
makers.

At a more fundamental level, of significant importance to maritime and intermodal infrastructure
decision-makers at the local level and policy makers at the regional or national levels, the proposed
study illustrates that decisions on significant investments in new infrastructure or enhancements to
existing infrastructure should be based on holistic system level evaluations that incorporate important
interacting factors and developments that may geographically far removed. That is, isolated local-level
evaluations and uncoordinated decisions (related to such investments) due to the potential for
competition for freight transportation demand among the various proposed projects can significantly
enhance the risk of underperformance relative to the forecast growth strategies while making such
investments. This further suggests that there may be an important role for regional- or national-level
policymakers in terms of conducting appropriate studies and coordinating strategies, or providing
advisories, in conjunction with the local and regional stakeholders.
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CHAPTERL INTRODUCTION

Intermodal freight transportation is the movement of goods in the same loading unit or
vehicle by successive modes of transportation without the handling of the goods themselves
when changing modes (European conference of ministers of transport, 1993). It is considered as
a competitive mode (Bontekoning et al., 2004) that can reduce transportation cost, mitigate
congestion, and provide environmental benefits by shifting commodity flows to more
environmentally friendly modes. For these reasons, starting from the early 1990s, intermodal
transportation has become an important policy consideration for freight transportation in Europe
(European conference of ministers of transport, 1993) and the U.S. (Bill summary & status 103rd
Congress (1993 - 1994) H.R.1758). Intermodal facilities, including container ports and inland
intermodal terminals, hereafter referred to as ports and terminals, respectively, serve as key
components in intermodal transportation.

Globalization and economic development of various countries have led to changes in the
international commodity flow network substantially in recent years, and continue to shape their
evolution. Manufacturing has shifted over time from North America and Europe to Asia
(especially East Asia) (Fransoo and Lee, 2013), and may shift to other regions depending on the
unfolding conditions in the future. This can lead to significant changes in the international
commodity flow network in the future, and contribute to the uncertainties in the commodity
flows themselves. In addition, emerging infrastructure projects like the construction of a new
port in Nova Scotia, Canada (hereafter, referred to as the Nova Scotia Port), and Panama Canal
expansion can further increase the uncertainty in commodity flow, and consequently increase the
uncertainty in freight transportation demand for intermodal facilities.

To accommodate future freight transportation demand, terminal operators, port
authorities, state legislatures, policy-makers and other stakeholders often develop strategic
intermodal facility (port or terminal) investment plans independently without considering the
intermodal facility investment made in other regions (e.g. Florida’s Strategic Intermodal System
Strategic Plan, 2010). These uncoordinated and/or myopic approaches may lead to inadequate or
wasteful investment due to under- or over-estimation of the future freight transportation de mand.
Hence, a strategic intermodal facility investment plan should be designed using a holistic system



level approach that accounts for the impact of the intermodal facility investment made in some
regions on the commodity flows and freight transportation demand in other regions. The strategic
investment planning should address four important aspects, including: (i) hedge the risk of
investment due to freight transportation demand uncertainty induced by the global trade changes
in a long-term horizon; (ii) accommodate future freight transportation demand for different
scenarios; (iii) reduce port congestion in future; and (iv) consider the impacts of emerging
infrastructure development projects in other regions on freight transportation demand. The need
for a holistic approach is also consistent with national transportation goals highlighted in the
MAP-21 Act and the draft of the National Freight Strategic P lan, which state that it is critical for
state and local agencies to participate in multijurisdictional collaboration to coordinate strategic
freight planning decision-making process and investments in intermodal facilities.

To hedge the investment risk associated with commodity flow uncertainty from the
system level perspective, risk management should be incorporated in the strategic intermodal
facility investment decision-making process. In this study, we use the concept of downside risk
to quantify the risk associated with uncertainty in commodity flow. Downside risk, which has
been widely adopted in financial risk management, is defined here as the difference between the
target revenue (predetermined by the facility decision-makers) and the achieved revenue of an
intermodal facility, if and only if the achieved revenue is lower than the target revenue. The
downside risk is equal to zero if the achieved revenue is equal to or higher than the target
revenue. The system level downside risk is the summation of the downside risk for each
intermodal facility within that system. The downside risk is chosen as a risk metric because
previous studies have shown that decision-makers are more sensitive to possible losses than to
possible gains (Tversky and Kahneman, 1992), and the downside risk can capture losses for each
intermodal facility in the system. An allowed system level downside risk is a parameter
determined by system level strategic intermodal facility investment decision-makers or policy-
makers, and used to control the system level downside risk. A lower value for allowed system
level downside risk implies that these decision-makers or policy-makers tolerate lesser risk. The
use of allowed system level downside risk can help decision-makers evaluate different strategic
intermodal facility investment plans with different downside risk tolerance levels. This would
also enable the identification of investment plans that are consistent with the individual downside

risk tolerance levels of the decision-makers for each intermodal facility within the system.



The objective of this study is to explore the impacts of uncertainty in commodity flow on
strategic intermodal facility investment plans by incorporating downside risk analysis in the
investment decision-making process. These intermodal facility investment plans can include
improvements to existing intermodal facilities and construction of new intermodal facilities.
These intermodal facility investment plans can include improvements to existing intermodal
facilities and construction of new ones. Investment in ports and terminals is considered
simultaneously in the model, as terminal development relies on port enhancement or building of
new ports that may be geographically far removed, and vice versa (Benedyk et al., 2016). To
enable this, we propose a mixed integer dynamic capacitated intermodal facility location model
with downside risk (IFLMD) to determine a system level strategic intermodal facility investment
plan that factors uncertainty in commodity flow. To characterize the uncertainty in commodity
flow, a scenario-based solution approach is used. Each scenario captures the uncertainty in
commaodity flow in terms of volume and distribution based on an estimate of future international
trade and a realization of emerging infrastructure projects. The downside risk is used to capture
the impact of the risk associated with these uncertainties on the strategic intermodal facility
investment decision-making process. To perform the downside risk analysis, different values of
allowed system level downside risk are considered. The strategic intermodal facility investment
plan associated with each allowed system level downside risk represents a trade-off between two
objectives: minimization of expected system costs and risk reduction associated with the
uncertainty in commodity flows. Numerical experiments are designed to demonstrate the
potential applicability of the proposed model in assisting the strategic intermodal facility
investment decision-making process, and analyze the impact of uncertainty in commodity flow
on the optimal national-level strategic intermodal facility investment plan for the U.S. Eight
different scenarios are considered in the numerical experiments, including with or without the
Panama Canal expansion, and with and without the construction of the Nova Scotia Port, for two
different estimates of future international trade.

The remainder of the paper is organized as follows. Chapter 2 reviews the literature and
summarizes research gaps in the intermodal facilities investment planning domain. Chapter 3
presents the mathe matical formulation of the proposed IFLMD. Chapter 4 analyses and discusses
results of the numerical experiments. Chapter 5 concludes with a summary of insights, practical

implications and future research directions.



CHAPTER 2. LITERATURE REVIEW

Previous studies related to multimodal freight transportation planning can be classified
into three types based on the planning horizon: operational, tactical, and strategic planning
(SteadieSeifi et al., 2014). Strategic planning relates to making longer term investment decisions,
tactical planning involves shorter term plans for the optimal utilization of given infrastructure,
and operational planning deals with real-time planning (SteadieSeifi et al., 2014). The proposed
study focuses on strategic intermodal investment planning. Intermodal transportation is a type of
multimodal transportation in which the commodity is transported in units without handling the
commodity itself (Crainic and Kim, 2007).

Based on the literature review, this study identifies six research needs in modeling the
strategic intermodal investment decision-making process: (i) factoring the impacts of port and
terminal congestion on container flow distribution and mode choice (SteadieSeifi et al., 2014);
(i) considering transshipment costs as a factor for container flow distribution (SteadieSeffi et al.,
2014); (i) incorporating the empty container relocation costs (SteadieSeifi et al., 2014); (iv)
identifying different sources of uncertainty; (v) integrating dynamic changes in freight
transportation demand over a long time horizon; (vi) incorporates risk management into strategic
intermodal facility investment decision-making process to hedge the risk associated with the
uncertainty in commodity flow. None of the existing studies address all six of these research
needs simultaneously.

Several studies have shown that intermodal facility congestion can affect commodity
flow distribution due to increase in transportation costs caused by delays. To reduce the potential
congestion, some studies (Sharif et al., 2011; Sharif and Huynh, 2012; Kaveshgar and Huynh,
2014; Kaveshgar and Huynh, 2015) proposed different operational planning methods, including
increasing productivity improvement at truck gates, yard, and quay cranes. Sharif et al. (2011)
used an agent-based approach to manage truck gate congestion. Sharif and Huynh (2012)
compared the results of centralized and decentralized approaches for modeling yard crane
scheduling, and conclude that the centralized approach outperforms the decentralized approach
due to complete and accurate information on future truck arrivals. Kaveshgar and Huynh (2014)
developed a genetic algorithm to manage quay crane scheduling to improve the quay crane



productivity. Kaveshgar and Huynh (2015) proposed an integrated model that identifies the
optimal operational plan for truck gates, yard, and quay cranes simultaneously. Fan et al. (2012)
studied the impacts of port and terminal congestion on container flow distribution and mode
choice using queuing theory. They calculated the average waiting times at different congestion
levels. Piecewise linear approximations were used to model congestion costs; a similar method is
used in our study. Although several studies address port and terminal congestion in operational
planning, to the best of our knowledge there are none that focus on strategic intermodal facility
investment planning by factoring congestion. Other studies (Correia et al., 2010; Meng and
Wang, 2011) modeled transit hub capacity limits but did not consider the congestion effect.
Some studies (Alumur, 2012a; Huynh and Fotuhi, 2013; Ishfag and Sox, 2010; Karimi and
Setak, 2014) only consider transshipment costs (the second need) without factoring congestion
costs. For shippers, the costs of both transshipment and delay can significantly impact
transportation decisions (the first and the second needs).

Previous studies do not combine the facility location and empty container repositioning
(the third need) problems together in strategic planning. The need for factoring empty container
repositioning arises when an imbalance exists between incoming and outgoing commodity flows.
Moving and storing empty containers can increase transportation costs for freight carriers,
thereby affecting container flow distribution. Hence, it is important to incorporate empty
container repositioning costs into the modeling process.

Several recent studies adopt different approaches to capture the impact of freight
transportation demand uncertainty (the fourth need) on the strategic intermodal facility
investment plan (e.g. Contreras et al., 2011; Alumur et al., 2012; Benedyk et al., 2016).
Contreras et al. (2011) adopted a probabilistic approach to capture uncertainty in freight
transportation demand and transportation costs. However, some studies (Owen and Daskin,
1998; Zhaiet al., 2012) found that the probabilistic approach can increase model complexity and
often lacks closed-form solutions. Alumur et al. (2012) and Benedyk et al. (2016) adopted
scenario-based approaches to capture uncertainty in freight transportation demand. The scenario-
based approach helps decision-makers to design the optimal strategic intermodal facility
investment plan that minimizes the expected system costs across all of the scenarios considered
(Eppen et al., 1989), and evaluate the impact of a particular scenario on the strategic intermodal

facility investment decision-making process. However, the outcomes of the scenario-based
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approach depend on the scenarios considered. To avoid suboptimal solution, all possible
scenarios should be included in the analysis. However, the time needed to identify those
scenarios and the computational effort to generate the optimal solution can be significant. In
addition, the optimal investment strategy identified using the scenario-based approach may not
minimize the probability of unfavourable outcomes in terms of system performance. This implies
that the optimal investment strategy may have high costs in some scenarios, even if the expected
system costs across all scenarios are minimized.

Few studies consider dynamic demand for intermodal facilities over long time horizons
(the fifth need). Most studies assume static freight transportation demand and solve the model for
a single time point. Failure to account for freight transportation demand changes over a long time
horizon could lead to port congestion or low port utilization.

None of the previous studies incorporates risk management (the sixth need) into strategic
intermodal facility investment decision-making process to hedge the risk associated with the
uncertainty in commodity flow. Eppen et al. (1989) proposed a model that incorporates downside
risk to aid in making capacity decisions under demand uncertainty for four General Motors
assembly plants. The optimal solution represented a trade-off between profit maximization and
the downside risk reduction. Gebteslassie et al. (2012) used downside risk analysis to design the
hydrocarbon biorefinery supply chain under demand uncertainty. They design the optimal
configuration of the supply chain that minimizes expected system costs and satisfies the demand.
In the strategic investment decision-making process, where large amounts of investment are
involved over a long time horizon, both the average values of different performance measures
(e.g. profit, cost, and volume) and risk values in different scenarios are important. Hence, it is
important to incorporate risk control tools into the strategic intermodal facility investment
decision-making process.

Single allocation (e.g. Correia et al., 2010; Contreras et al., 2011; Alumur et al., 2012)
and multiple allocation (e.g. Cambell, 2009; Huynh, 2013; Benedyk et al., 2016) models have
been adopted in previous studies to formulate strategic investment models. In single allocation
models, commodity flow for each origin-destination (O-D) pair is routed through a single port or
terminal, while in multiple allocation models every origin (or destination) can send (or receive)
commodity flows through more than one port or terminal. In the context of intermodal freight

transportation, multiple allocation models can reflect the freight transportation network better
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compared to single allocation models, as each commodity flow can consist of cargo from
different shippers with various preferences and requirements (Guo and Peeta, 2015; Guo et al.,
2016).

Based on the assumptions made in terms of terminals, ports and/or routes capacities,
previous studies can be classified into capacitated (e.g. Correia et al., 2010; Meng and Wang,
2011; Benedyk et al., 2016) and uncapacitated facility location models (e.g. Contreras et al.,
2010; Ishfag and Sox, 2010). Only capacitated facility location models can capture the impact of
port and terminal congestion and intermodal facility deve lopment of other regions on commodity
flow distribution. Several studies address congestion in operational or tactical planning. Fan et al.
(2012) explored the impact of congestion on special competition for U.S. container ports.
Camargo et al. (2009) and Elhedhi and Hu (2005) proposed nonlinear congestion models and
solution algorithms to study the impacts of congestion on passenger flow distribution and system
costs for the U.S. air passenger transportation. Although several studies address port and terminal
congestion in operational and tactical planning, studies considering the impact of congestion on
commodity flow distribution in modelling the strategic intermodal facility investment planning
are sparse (Benedyk et al., 2016). Congesting costs can have significant impact on shippers’
transportation decisions, and hence congestion costs must be incorporated in the strategic
intermodal facility investment decision-making process.

The aforementioned studies related to strategic intermodal facility investment planning
can be summarized in Table 1.

The proposed IFLMD seeks to address all of the aforementioned needs. The
transshipment costs for different congestion levels are incorporated into the IFLMD using a
piecewise linear approximation similar to Fan et al. (2012), to address the first and second
research needs. Costs for empty container repositioning are incorporated in the objective
function to address the third research need. The number of empty containers that need to be
moved is estimated as the difference between the imported and exported commodity flows for
each port. The proposed IFLM uses a scenario-based approach to address freight transportation
demand uncertainties and mode| the capacity changes of intermodal facilities in other regions. To
account for the need to integrate dynamic changes in demand, the model is solved for ten years.
To hedge the risks associated with uncertainty in commodity flow, downside risk analysis

(Eppen et al., 1989) is incorporated into the proposed IFLMD. By using the downside risk
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analysis, different strategic intermodal facility investment plans can be obtained for different risk
tolerance levels of the system level decision-maker(s). A scenario-based solution approach is
used in this study to characterize the uncertainty in commodity flow. The proposed IFLMD
captures the impact of congestion in ports and terminals, transhipment costs, changes in
capacities of intermodal facilities, economies of scale, and empty container repositioning costs

on the commodity flow distribution and the strategic intermodal facility investment plan.

Table 1 Literature on the intermodal facility location problem atthe strategic level

Literature Transpo- Uncapa- Multiple Uncer- Risk Modes
rtation citated or or single tainty control
Costs capaci- allocation
tated

Alumuretal. (2012) Fixed U S Y Aiir, truck

Campbell (2009) Fixed U M Truck

Contreras etal. (2011) Variable U S Y Not specified

Contreras et al. (2010) Fixed U S Not specified

Correia et al. (2010) Fixed C S Not specified

Huynh (2013) Fixed U M Truck, rail

Ishfaq and Sox(2010) Variable U S Truck, rail, air

Ishfag and Sox(2011) Fixed U M Truck, rail

Karimi and Setak (2014) Fixed U M Not specified

Lier-Villagra and Marianov Fixed U M Truck

(2013)

Meng and Wang (2011) Fixed C M Maritime,  rail,
truck

Benedyket al. (2016) Variable C M Y Maritime,  rail,
truck

Proposed study Variable C M Y N Maritime, rail,
truck

U — uncapacitated facility location model M — multiple allocation

C - capacitated facility locationmodel S -single allocation

Y —included in the model
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CHAPTER 3. MODEL FORMULATION

3.1 ProblemDescription

We propose a mixed integer dynamic capacitated model with multiple allocations that
incorporates downside risk. It seeks to determine the optimal strategic intermodal facility
investment plan in a region based on minimizing expected system costs under uncertainty in
commodity flow. We consider distribution of intermodal commodity flows through the global
transportation network. The following system costs are captured in the model: transportation
costs, congestion costs, handling costs, empty container repositioning costs, and investment
costs. Other factors that may be of interest to shippers (such as commodity characteristics, past
experience with particular mode or route, etc.), and hence, can influence the mode and route
choices, and impact commodity flow distribution (Huang et al., 2015), are not considered due to
the non-availability of data. The commodity flow between each O-D pair is routed through
transit nodes (such as terminals, ports and the Panama and Suez Canals) by using maritime and
ground transportation (truck or rail mode) systems. In each commodity flow route, at least one
port must be included so as to transfer from maritime to ground transportation. However, the
model does not restrict the number of ports and terminals in commodity flow routes. The
capacity for each mode of transportation for transit nodes is bounded.

The uncertainty in commodity flow is modelled by using a scenario-based solution
approach. Each scenario characterizes commodity flow through the global transportation
network under a particular estimate of future international trade and a certain combination of
emerging infrastructure projects. We assume that there is a finite set of scenarios. To hedge the
risks associated with uncertainty in commodity flow, downside risk is incorporated in the model
to quantify these risks. To perform the downside risk analysis, we solve the model with different
allowed system level downside risk values. This allows the identification of a set of intermodal
facility investment plans that trade-off expected system costs minimization and investment risk

reduction.

3.2 Model Notation

Let the international commodity flow network, shown in Figure 1, be represented by a set
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of nodes P connected by a set of links E. The region of interest is the region for which the
strategic intermodal facility investment plan is to be implemented. Commodity flows can be
categorized into incoming and outgoing commodity flows for the region of interest, referred to as
import and export commodity flows, respectively. P consists of three mutually exclusive and
collectively exhaustive subsets: terminate nodes outside the region of interest, terminate nodes
inside the region of interest, and transit nodes. The set of terminate nodes outside the region of
interest is denoted by A, and each node in this set is the origin for import commodity flows and
destination for export commodity flows. The set of terminate nodes inside the region of interest
is denoted by B, and each node in this set is the origin for export commodity flows and
destination for import commodity flows. Transit nodes include terminals, ports and the Panama
and Suez Canals, and their set is denoted by R. Terminals are located inside the region of
interest, ports are located on the boundary of the region of interest, and the Panama and Suez
Canals are located outside the region of interest. Hence, investment plans in terms of intermodal

projects are only for the ports and terminals as they are located in the region of interest.

Otherregions @egion of interest \

S : Terminals:

Figure 1 The conceptual network of international commodity flows

A link (i, j) € E represents transportation of commodity from node i € P toj € P by a
specific mode, which could be either maritime or ground transportation. The ground
transportation consists of rail and truck transportation. In the network, commodity flows between
origins and destinations must pass through at least one port, while terminals and canals are

optional. Commodity flows within and between other regions outside the region of interest are
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not considered in the network. Each transit node type of the set R is characterized by a specific
type of transhipment operation. More specifically, ports allow intermodal transfer between the
maritime and ground transportation (either rail or truck) modes. Terminals allow transhipment
involving only the ground transportation modes. Canals allow only maritime transportation.
Notations used in the IFLMD are summarized in Tables 2 and 3.

The proposed IFLMD selects the intermodal facility investment plan that minimizes the
overall cost. Each intermodal facility investment plan includes a set of intermodal projects. Each
intermodal project involves only one facility and either corresponds to improving an existing
intermodal facility or constructing a new one. Intermodal project improvement of an existing
facility can include capacity increase for one or several modes of transportation at that facility
and/or the addition of a new mode of transportation at that facility. In addition, intermodal
projects involving ports may involve enabling them to handle vessels of bigger size. Each
intermodal facility " € R’ can have |L,, | intermodal projects, where L,., is the set of intermodal
projects for that intermodal facility. Each intermodal project, denoted by ¢, is associated with
two vectors R and k¥ R®"™ represents capacity improvement at existing intermodal
facility or capacity of new intermodal facility. k‘f” specifies the investment cost needed for
intermodal project ¢.

Intermodal projects with different implementation start times within the time horizon of
interest that entail the improvement of the same facility or the construction of the same new
facility are viewed as different projects. In such cases, only at most one of these projects is
selected as part of an investment plan. For an intermodal project, investment and capacity
changes for existing modes of transportation or capacity for new modes enabled by the project
are specified for each time period t. This enables modeling the temporal investment decisions
and temporal capacity changes (capacity reduction during the construction period and capacity

increase after completion of the construction) for that intermodal facility.

3.3 Modelling Maritime Vessel Size and Transportation Costs due to Economies of Scale

For maritime transportation, five vessel sizes are considered that have transportation costs
associated with the sizes. Each maritime link is split into five arcs, where each arc represents the
transportation involving a specific vessel size and the arc cost represents the corresponding
transportation cost. Larger vessels have lower transportation costs due to economies of scale
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(Cullinane and Khanna, 1998). Flows assigned to the arc represent flows transported by the
vessel of that specific size. If a transit node cannot handle a specific vessel size, the
corresponding arc capacity is set to zero.

Table 2 Sets, subscripts and superscripts used in the IFLMD

Notation Description

A Set of nodes that are located outside the region of interest and are origins for import commodity
flows and destinations forexport commodity flows;

a Node inset 4;

B Set of nodes that are located inside the region of interest and are origins for export commodity
flows and destinations forimport commodity flows;

B NodeinsetB;

R Set of transit nodes (which include terminals, ports, and canals);

r NodeinsetR;

R'cR Subsetoftransit nodes that includes ports and terminals only;
' Node inset R’;
P =AUBUR Setofnodes;

i,j Nodes inset P;

E Set of links;

S Set of possible scenarios of commodity flow based on different estimates of future international

trade and differentemerging infrastructure projects;

s ScenarioinsetS;
M Set of modes;
m Modeinset M;
M cM Subset of maritime transportation modes, M’ := {m',,m’,,m’;,m’,,m's}, consisting of five
maritime modes that correspond tofive vesselsizes in the increasing order of size;
m' Maritime modes in set M’;
M"cM Subsetof ground transportation modes, consisting of the railand truck modes;
m" Ground transportation mode in set M";
T Set of time periods of interest;
t Time periodinsetT;
L,, Set of intermodal projects forintermodal facility ' € R’;

0] Intermodal projectsinsetL,.;
r

Set of congestion leveks, I' := {1,2,3}represents three congestion levek in the increasing order
of congestion;
T Congestionlevelinset;

3.4 Modelling Congestion Costs

Increased volume at a particular transit node can result in congestion, and hence can
cause extra costs for shippers associated with storage, demurrage cost for using containers, and
delay costs. These costs are hereafter referred to as congestion costs. To capture the impact of

congestion costs on commodity flow distribution, three congestion levels are introduced. Each
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link is split into three arcs that represent three congestion levels. At the first congestion level
there is no congestion at the transit node and the basic handling costs specified by operators of
the ports, terminals and canals are used. The first congestion level corresponds to an annual
volume less than 3/5t of the capacity. At the second and third congestion levels, a transit node
has congestion that involves congestion costs that must be paid by shippers. The second
congestion level corresponds to an annual volume of between 3/5t and 4/5t of the transit node
capacity. The third congestion level corresponds to an annual volume of more than 4/5t

capacity. At the third congestion level, the transit node is highly congested.

Table 3 Parameters used in the IFLMD

Notation Description

General parameters

(0N Probability ofscenario s € S;
® Empty container repositioning cost per twenty-foot equivalentunit (TEU);
Interest rate;
w Demand from origin node i to destination nodej in scenario s in time period t; where i € A

st
and j € B for import commodity flows, andi € B and j € A for export commodity flows (U.S.

Census Bureau, 2015);
ug" Capacity of transit node r for mode m € M in scenario s in time period t (American Association
of Port Authorities, 2015);

Intermodal project parameters

R Capacity improvement at existing intermodal facility, or capacity of new intermodal facility ' of
intermodal project ¢ formode typem in time period t;

kt“’r’ Investment cost for intermodal project ¢ of intermodal facility ' in time period ¢;

Parameters related to downside risk analysis

¥, Target revenuefor intermodal facility r;
¢ Maximum allowed systemlevel downsiderisk;

o€ [01] Parameter used to tighten the downside risk constraint;

Costs

Crir{t Transportation cost per TEU from node i to j through mode m in time period t (World Fright
Rates, 2015);

drme Handling cost per TEU at transit noder for mode m at the congestionlevelr € I'.
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3.5 Variables

Table 4 summarizes the variables used in the IFLMD. xf‘,gt and yf:l;’t represent the import

and for export commodity flow on link (i,j), respectively. Indices a and 8 specify the origin node

and yﬁ Y

mst

aij
mst

aij

. ij .
with w,;. Variables x_ -,

for each commodity flow, and are used to associate each x

and yﬁ Y

o are split into 8™ and (ﬁ Y respectively, that denote the import and export

mstt mstt’

commodity flows at different congestion levels 7. The sum of 63&1 and (Tflisj” at each congestion

level is denoted by ¥, mstr-

Table 4 Variables used in the IFLMD

Notation Description

zﬁ 1if intermodal project ¢ is selected for intermodal facility 7, 0 otherwise;

x:fs]f Import commodity flowfrom i to j with origin « € A for mode m in scenario s and time period t;
yflift Bxport commodity flow from i to j with origin § € B for mode m in scenario s and time period t;
Sz‘g“ Import commodity flow of xr‘ffsjt atcongestionlevelt;

fosjn Bxport commodity flow of yflg atcongestionlevel;

Vymstr Summation of import and export commodity flows at transit node r € R for mode m in scenario s

and time period t at congestionlevelt;

Al D re Imbalance variables representing surplus and deficit of empty containers at intermodal facility ' in

scenario s andtime period t;

Dy Downside risk for transit noder” in scenario s;

v ™ Capacity for existing or new intermodal facility r’ after implementation of the intermodal project,

if any, formode m in scenario s and time period ¢.

The binary variable z?, represents the investment decision in the IFLMD, and takes a
value 1 if intermodal project ¢ is selected for intermodal facility ', and 0 otherwise. Imbalance

variables At

rIst

and A, represent the surplus and deficit of empty containers at intermodal
facility ', respectively, and are used to capture the impact of the empty container repositioning

costs on commodity flows distribution (discussed in detail in Section 3.6). The value of
downside risk is denoted by variable £, (discussed in detail in Section 3.6). Implementation of

an intermodal project will lead to either the capacity improvement at existing an intermodal
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facility or the construction of a new intermodal facility; the capacity of the intermodal facility

after implementation of the intermodal project is denoted by vi/™.

3.6 Intermodal Facility Location Model with Downside Risk Formulation

The objective function (Equation (1)) seeks to minimize the expected system costs while
determining the strategic intermodal facility investment plan. The first term in Equation (1)
represents the expected transportation cost of import commodity flows, and the second term
represents the expected transportation cost of export commodity flows. The third term represents
the expected handling and congestion cost at terminals, ports, and canals. The fourth term
represents the investment cost for the chosen intermodal facility investment plan. The fifth term
represents the cost for empty container repositioning.

The objective function is subject to constraints related to mass balance, non-negativity,
capacity, maximum number of selected intermodal projects, imbalance, and downside risk.

Equations (2)-(7) ensure flow conservation at each node. Equations (2) and (3) address
flow mass balance at origin nodes for import and export commodity flows, respectively.
Equations (4) and (5) address flow mass balance at destination nodes for import and export
commodity flows, respectively. Equations (6) and (7) address flow mass balance at transit nodes
for import and export commodity flows, respectively. Equations (8) and (9) ensure non-

negativity of decision variables x*7. andy”%/.
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iEP JEP SES MEM teT a€A

2,0,0,0, 0., rvniet

i€EP jEP SESMEM teT PEB

> YYD om0+

T€{1,2,3}TER SES tETMEM

PR

TIERIQELys tET

O D B+ BE)

TIER! SES tET
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Non-negativity of decision variables:
0,20 vr'eR,s€S (35)

If an intermodal project is chosen, the capacity at the corresponding intermodal facility
can change (capacity reduction during the construction period and capacity increase after
completion of the construction). Equation (10) states that the intermodal facility capacity after
implementation of the intermodal project is the sum of the initial capacity and the extra capacity
(h?™"™). For anew intermodal facility, the initial capacity is zero.

Three congestion levels are used to reflect congestion costs. Commodity flows at a transit
node are split into three components as the associated congestion levels have different handling
costs. Equations (11) and (12) are definitional constraints, and state that the summation of the

three congestion-related components should be equal to the corresponding commodity flows.

Equations (13) and (14) ensure non-negative of decision variables 633” and C,[flisj;r.

The capacity of a transit node is shared by the import and export commodity flows. The
import and export commodity flows going through a transit node at each congestion level are
combined and denoted by variable y,.s¢¢ IN Equation (15).

Equations (16)-(18) specify the upper bounds for y,.,,..s¢¢ for the three congestion levels
for the maritime transportation modes at intermodal facilities. Equation (19) ensures that the total
commodity flow for the five maritime modes will not exceed the capacity of the intermodal
facility.

Equations (20)-(22) specify the upper bounds for y,.,.,»st fOr the three congestion levels
for the ground transportation modes at intermodal facilities. Equation (23) ensures that the total
commodity flow for rail and truck modes will not exceed the rail and truck capacity of the
intermodal facility, respectively.

Equations (24)-(26) specify the upper bounds for y, st fOr the three congestion levels
for the canals. Equation (27) ensures that the total commodity flow for the five maritime modes
will not exceed the capacity of a canal.

Equation (28) specifies that at most one intermodal project can be chosen at each
intermodal facility. Equation (29) constrains z?, to be a binary (0, 1) variable.

Equations (30)-(32) are introduced to determine the number of empty containers that

+

require repositioning. Variables A7, .,

and A, are used to measure the surplus and deficit

imbalance of empty containers for an intermodal facility, respectively. The right-hand side of the
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Equation (30) computes the difference between the import and export commodity flows. A
surplus of empty containers at an intermodal facility arises when the import commodity flow
(and thus, numbers of imported containers) is more than the export commodity flow; a deficit
arises when the import commodity flow is less than the export commodity flow. At an
intermodal facility, for a scenario s in time period t, only either surplus or deficit can occur;

+
rIs

hence, only one of the variables (A st

. Or A, ) can be positive. It is possible that both these
variables can be zero simultaneously if the import and export commodity flows are equal. To
capture the impact of the empty container repositioning costs on commodity flow distribution,

the variables A

~se and A, .. are incorporated in the objective function and multiplied by the

empty container repositioning costs (®).

The model represented by Equations (1)-(32) is used for the scenario-based solution
approach in the study numerical experiments. To enable the downside risk analysis, equations
(33)-(35) are incorporated into the model.

In the IFLMD, downside risk is used to capture the investment risk due to uncertainty in
commodity flow. To include downside risk, the facility decision-maker sets up a target revenue
Y., for each intermodal facility, and the maximum allowed system level downside risk ¢ is
determined by the system level strategic intermodal facility investment decision-makers (Eppen
et al., 1989). In Equation (33), the non-negative variable £2,,; measures the downside risk, which
is a positive number if the intermodal facility r fails to meet the target revenue ¥,, for scenario
s. The expected downside risk across all considered scenarios is then compared with the allowed
system level downside risk o - £ in Equation (34). Following Eppen et al. (1989), parameter o is
used to tighten Equation (34) so as to generate a set of intermodal facility investment plans
representing trade-offs between expected system costs minimization and downside risk

reduction. Equation (35) ensures the non-negativity of decision variables 02,..
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CHAPTER 4. NUMERICAL EXPERIMENTS

The study experiments are designed to demonstrate the potential applicability of the
proposed model in assisting the strategic intermodal facility investment decision-making process
for the region of interest. In this study, the U.S. is selected as region of interest. The numerical
experiments are used to determine the strategic intermodal facility investment plan under
uncertainty in commodity flow for the U.S.

Table 5 illustrates the five maritime modes used to represent the five vessel types with
different sizes. The use of bigger vessels reduces operational costs for maritime carriers and
freight maritime rates for shippers (Felicio and Caldeirinha, 2013). The Suez Canal can
accommodate all five vessel sizes considered, while the Panama Canal can handle only the first,
second, and third (after expansion) vessel sizes.

Six candidate port intermodal projects and nineteen candidate terminal intermodal
projects being planned between 2015 and 2023 are considered in the numerical experiments.
These candidate intermodal projects are selected based on government reports and information
from Internet searches. Note that the study experiments consider only capacity improvements

and not new facilities. The candidate intermodal projects are summarized in Table 6.

Table 5 Container vessel sizes used in the model

Size Size name Volume Maximum draft
1 Post Panamaxand smaller Upto 6.000 TEU 43 ft/13m

2 Post PanamaxPlus 6,000-12,500 TEU 48 ft/14.5m

3 New Panamax 12,500-15,000 TEU 50 ft/15.2m

4 Post New Panamax 15,000-18,000 TEU 51 ft/15.5m

5 Triple E >18,000 TEU 51 ft/15.5m

The network has 185 nodes, including 128 transit nodes (20 ports in the U.S., 5 ports in
Canada, 3 ports in Mexico, 98 terminals), 49 terminate nodes inside the U.S., and 8 terminate
nodes outside the U.S. Port and terminal locations are shown in Figure 2. Terminate nodes inside

the U.S. represent the capitals of the 48 contiguous states and the District of Colombia.
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Project

Port/ Terminal Project description
number

Capacity expansion

Port projects considered in all three experiments and in downside riskanalyzes

Depth increasing (from40 ft/12.2 m till 48-50 ft/14.6-

! Boston 15.2 m); planned date of commencement is notdefined.
S Depth increasing (from42 ft/12.8 m till >42 ft/12.8 m);
2 Wilmington planned date of commencementis not defined.
3 Charleston Depth increasing (from44 ft/13.7_ m till >4_7 ft/14.3 m);
planned date of commencementis not defined.
. Depth increasing (from40 ft/12.2 m till >47 ft/14.3 m);
4 Jacksonville - .
planned date of commencementis not defined.
Los Angeles Construction ofanewport terminal; planned date of
5 . .
/Long Beach commencement is not defined.
6 New Orleans Depth increasing (from45 ft/13.7 m till 50 ft/15.2 m);

planned date of commencementis not defined.

3 maritime mode will

be allowed

2" maritime mode will

be allowed

2" maritime mode will

be allowed

2" maritime mode will

be allowed

Additional capacity of

1 million TEUs

3 maritime mode will

be allowed

Terminal projects considered in the secondandthird experiments and in downside risk analyzes

7 lllinois Construction inland intermodal terminal; planned date Double capacity
8 Indiana of commencement is notdefined. Double capacity
9 Michigan Double capacity
10 Texas Double capacity
11 Utah Double capacity
Terminal projects considered only in the third experiment and in downside risk analyzes
12 Arizona Construction inlandintermodal terminal; planneddate ~ Double capacity
3 California, Los of commencement is notdefined. Double capacity
Angeles
14 Califo m ia, San Double capacity
Francisco
California, Santa Double capacity
15
Cruz
16 Connecticut Double capacity
17 Florida Double capacity
18 Georgia Double capacity
19 Massachusetts Double capacity
20 Maine Double capacity
21 New Jersey Double capacity
22 Nevada Double capacity
23 New York Double capacity
24 Philadelphia Double capacity
25 Virginia Double capacity

The world outside the U.S. is split into eight regions, where each region represents one

economic and geographic region. These regions with terminate nodes outside the U.S are: Africa,
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Australia & Oceania, Europe, North America (excluding the U.S.), South & Central America,
East & South East Asia, the Middle East, and South Asia.

Ports and terminals are aggregated by geographic area with the same first two digits of
the U.S. postal ZIP code. For example, the ports of Long Beach and Los Angeles are combined
because they are in the geographical area with the same first two digits of ZIP code. The largest

terminal or port is used to represent the aggregated terminals or ports in an area.

N
XPrice Rupert A
Yancouverx
Halifa
Seattlex Montreal o
Portlandx X X
Nova Scotia
X
X Boston
Néw York
Oaklandx L
Norfolk
Los Angelesx Charleston < . |
- o X Wilmington
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Gulf(p)?rt x Savannah
Houstonx X
New Orleans )
Tampa
Miami
Manzanillox
Lazaro Cardenas
X Container ports
) 0 250 500 1,000

Intermodal terminals | i|ometers

Figure 2 Port and terminal locations considered in the numerical experiments

Freight maritime transportation rates were obtained from the online service World
Freight Rates. Port capacity information was collected from the official port websites and from
American Association of Port Authorities (2015).

To account for uncertainty in commodity flow, two different estimates of future
international trade were considered. The two estimates are considered as equally likely in the
numerical experiments. The first estimate of future international trade represents forecasts from
the World Trade Organization, and is hereafter referred to as WTO. The WTO reported a 3%

commodity flow annual growth rate (World Trade Organization, 2015). The second estimate of
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future international trade is based on the forecast modelled by Oxford Economics, and is
hereafter referred to as OE. It predicts a higher growth in both export and import commodity
flows (HSBC Bank plc, 2015). OE provides predictions for U.S. trade annual growth rates
ranging from 3% to 9% for different regions for three periods from 2015 to 2016, from 2017 to
2020, and from 2021 to 2030. Commodity flow data for the year 2014 was collected from the
online service of the U.S. Census Bureau — U.S. Trade Online (2015). This resource provides the
volumes of import and export containerized commodity flows from/to different world regions
to/from different U.S. states. The commodity flow volumes for future years are determined using
the commodity flow data for 2014 and the two estimates of future international trade. The
difference between the two estimates of future international trade in ten years is 31.12% for
import commodity flows and 28.43% for export commodity flows.

To demonstrate the impact of downside risk on the strategic intermodal facility
investment decision-making process, the numerical experiments are split into two groups. In the
first group, the IFLMD is solved without the downside risk constraints (that is, Equations (33)-
(35) are excluded from the model). In the second group, the IFLMD is solved with the downside
risk constraints. To perform the downside risk analysis, the model is solved for eight allowed
system level downside risk values. In both groups of numerical experiments, the model is solved
for eight scenarios simultaneously, with equal probability for each scenario. The scenarios are
summarized in Table 7.

Based on Tyndall et al. (1990), a ten-year time horizon of interest is chosen. Tyndall et al.
(1990) stated that a minimum of ten years should be used for strategic investment planning in
transportation. The horizon is divided into five time periods, with each period representing every
other year. Commodity flow data for every other year is used, i.e., 2015, 2017, 2019, 2021 and
2023. Commodity flow data for year 2014 is used to validate the proposed IFLMD, by solving it
for only one time period and comparing the computed port volumes with the volumes reported
by the American Association of Port Authorities in the year 2014. The difference between
computed and reported volumes is less than 6% averaged across all ports. It indicates that the
proposed IFLMD can adequately capture the commodity flow distribution in the real world. The
difference can be attributed to some factors that may influence the shipper’s mode and route
choices, but are not included in the model (commodity characteristics, previous experience with

particular port, terminal, mode, etc.).
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Scenario S1 S2 S3 S4 S5 S6 S7 S8
Impact of Panama expansion No No No No Yes Yes Yes Yes
Impact of Nova Scotia No No Yes Yes No No Yes Yes
Estimates of future international trade WTO OE WTO OE WTO OE WTO OE
Scenario probability 0125 0125 0125 0125 0125 0125 0125 0125

Optimization software IBM ILOG CPLEX 12.5 MILP solver is used to solve the IFLMD
on one cluster node with four 2.3 GHz 12-Core AMD Opterom 6176, 192 GB RAM per node.
The problem has 25 binary variables and 390.6 million continuous variables. It takes 8.2 hours to

solve the model to an optimality gap of 5%.
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CHAPTER5. RESULTS AND INSIGHTS

5.1.Intermodal facility investment decision without Risk Management

To validate the proposed IFLMD, the model was solved for the year 2014, and the results
for port volumes were compared with volumes reported by the Port Import Export Reporting
Service in the year 2014. The difference in these volumes is less than 6% averaged across all
ports, indicating that the proposed model can adequately capture the commodity flow
distribution in the real-world as it considers the important factors (transportation costs and value
of time). The difference can be attributed to other factors that may also impact shippers’ mode
and route choices, but are not considered here due to the non-availability of those data.

Intermodal facility investment decisions for the three experiments are shown in Table 9.
Each experiment contains four different cases: (i) with the Panama Canal expansion, and the
construction of the Nova Scotia Port; (ii) without the Panama Canal expansion, but with the
construction of the Nova Scotia Port; (iii) with the Panama Canal expansion, but without the
construction of the Nova Scotia Port; and (iv) without the Panama Canal expansion, or the
construction of the Nova Scotia Port. The variation in results across the different cases indicate
the significant impact of the Panama Canal expansion and the construction of the Nova Scotia
Port on the intermodal investment decision-making process in the U.S. The variation in results in
the three different experiments demonstrates the impact of changes in intermodal facility service
level in some regions on the freight transportation demand in other regions in the intermodal
investment decision-making process.

Three port projects, Boston, Charleston, and New Orleans, were chosen in all instances,
indicating their importance. The decisions related to the Wilmington port project vary across the
cases and experiments. For example, it was not chosen if the Nova Scotia Port is considered.
This indicates that the Nova Scotia Port will compete with that of Wilmington by providing
lower maritime transportation costs due to the usage of larger vessels. Figure 3 illustrates the
impact of the construction of the Nova Scotia Port on the commodity flow through Wilmington
in the OE commodity flow scenario. It shows that eight states (Delaware, Illinois, Maryland,
Massachusetts, New Jersey, New York, West Virginia, and Virginia) shift their service port from
Wilmington to other ports if the Nova Scotia Port is constructed. The commodity flow volume
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through Wilmington with the construction of the Nova Scotia Port is 55% lower than without it.
Hence, Wilmington does not require capacity expansion if Nova Scotia Port is constructed.

The decision regarding Wilmington also depends on the set of terminal projects that are
considered in the experiment. In the second experiment, Wilmington is selected in the case
where the construction of the Nova Scotia Port is not considered, but the Panama Canal
expansion is. This result indicates the impact of the Panama Canal expansion on the intermodal
investment decision-making process. Increased Panama Canal capacity will allow additional
commaodity flow from East Asian ports to the east coast of the U.S. In the third experiment (25
candidate projects), Wilmington is not selected in any of the cases. Similarly, in the third
experiment, the Jacksonville investment project is not selected in the cases where the
construction of the Nova Scotia Portis considered.

There are two possible reasons. First, in the third experiment, unlike in the first and the
second experiments, three terminal projects (Philadelphia, New Jersey and Georgia) were
chosen. These three intermodal projects may decrease transportation costs through ports in New
Jersey, Baltimore and Savannah. As a result, additional flow will be attracted to these ports.
Coupled with the choice of the Nova Scotia Port, this will make improvements in Wilmington
and Jacksonville less cost effective.

The second possible reason is the selection of a Los Angeles/Long Beach (LA/LB) port
project in the third experiment in all cases. In the third experiment, three additional terminal
projects in California exist, and all three of them are chosen for improvement. These
improvements will attract additional flow to the west coast ports of the U.S. and decrease flow at
the east coast ports, including Wilmington and Jacksonville. This result indicates that
improvements in the LA/LB port are cost-efficient only if coupled with improvements in nearby
terminals.

The Utah project is chosen in all cases in the second experiments, but not in the third.
The commodity flows shift from Utah to Arizona in the third experiment. As the Arizona
terminal project is considered only in the third experiment, the Utah terminal project is chosen in
the second experiment. It suggests that investing in an Arizona terminal project may be more
effective than investing in an Utah terminal project. It also indicates that Utah and Arizona
terminal projects interact in the intermodal facilities investment decision-making process. This

result indicates the importance of comprehensive analysis in the intermodal investment decision-
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making process at the national level. Limiting the case study to specific geographical regions
without considering the impact of changes in intermodal facility service levels of some regions
on the freight transportation demand in other regions, or considering a narrow set of the
candidate projects can induce the inefficient allocation of investment resources. Figure 4
illustrates terminals that operate at full capacity level in the four cases and three experiments
under one or both scenarios. Both terminals in Arizona are fully capacitated in both scenarios,
while terminals in Utah are not.

As illustrated in Figure 4, many fully capacitated terminals for the WTO scenario are in
close proximity to ports. These terminal improvements are necessary due to limited rail capacity
at ports. Although improvements of these terminals save transportation costs significantly,
increasing port capacities for rail could potentially lead to higher cost savings. This is because
truck transportation costs from port to terminal would then be avoided. The improvements of
terminals near ports and rail capacity of ports deserve further investigation for transportation in
the U.S. For the OE scenario, additionally, the terminals in I1daho, Colorado, New Mexico, Texas
and Wyoming also operate at full capacity levels due to higher volumes predicted by the OE
scenario. It is noteworthy that there are no capacitated terminals in states in the East North
Central, West North Central, and East South Central parts of the U.S. The results indicate that
existing terminals will satisfy future freight transportation demand for that region in both
scenarios, though utilization of these terminals varies from 85 to 99% for the OE scenario.
Further analysis is required to identify the most critical terminals that need improvements to
accommodate future demand.

The results also suggest that port projects in New Orleans, Charleston and Boston should
receive high priority. Further, the results show that the LA/LB port project is selected for
expansion, along with the projects of nearby terminals, to accommodate the increasing
commodity flow in LA/LB. The model results show that the construction of the Nova Scotia Port
and the Panama Canal expansion have significant impacts on the intermodal facility investment
decision-making process related to the development or enhancement of U.S. ports on the east
coast. The Panama Canal expansion would contribute positively to the economic efficiency of
the port project in Wilmington. However, the construction of the new deep port in Nova Scotia
would attract part of the commodity flows of the east coast U.S. ports, thereby contributing

negatively to the economic efficiency of port projects in Wilmington and Jacksonville.



32

Table 8 Chosen port and terminal projects

Port/terminal Case 1l Case 2 Case 3 Case 4

Experiment I I i 1 1 i1 1 1IN I i
Boston Y YIY| Y| Y| Y| Y|Y|Y|Y|Y]|]Y
Wilmington Y N N [ N N N| Y] Y| N N | N N
Charleston Y Y| Y| Y| Y|[Y|Y|Y|[Y|[|Y|]Y]|Y
Jacksonville Y Y| Y| Y| Y|N|[Y|Y|]Y|]Y]|]Y]|N
Los Angeles/Long Beach N Y| Y| N[N|J]Y|[N|N|]Y|N|N|Y
New Orleans Y Y| Y| Y| Y| Y| Y|Y|Y|Y|]Y]|Y
Arizona - - Y | - - Y | - - Y | - - Y
California, Los Angeles - - Y | - - Y | - - Y | - - Y
California, San Francisco - - Y | - - Y | - - Y | - - Y
California, Santa Cruz - - Y | - - Y | - - Y | - - Y
Connecticut - - N | - - N | - - N | - - N
Florida - - N | - - N | - - Y | - - Y
Georgia - - Y | - - Y | - - Y | - - Y
Ilinois - N N | - N N | - N N - N N
Indiana - N | NJ| - N | NJ| - N | N[ - N | N
Massachusetts - - N | - - N | - - N | - - Y
Maine - - N | - - N | - - N | - - N
Michigan - N | NJ| - N[ NJ| - N | N| - N | N
New Jersey - - Y | - - Y | - - Y | - - Y
Nevada - - N | - - N | - - N | - - N
New York - - N | - - N | - - N | - - N
Philadelphia - - Y | - - Y | - - Y | - - Y
Texas - Y| Y| - Y| Y| - Y| Y| - Y| Y
Utah - Y | N[ - Y| N| - Y | N - Y | N
Virginia - - N | - - N | - - N | - - N

Notes: “Y’ — project is selected, ‘N’ — project is not selected, ‘-‘— project is not included in that experiment.




33

Canada

Wisconsin

® (Container ports
- States use Wilmington as their service port before and after project completion in Nova Scotia
- States shift their service port from Wilmington to other ports after project completion in Nova Scotia

Figure 3 The impact of the construction of Nova Scotia Port on Wilmington
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Figure 4 Capacitated terminals in all four cases and three experiments
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5.2.Intermodal facility investment decision with Risk Management

To perform the downside risk analysis, the intermodal facilities are stated to operate with
a target revenue that is the revenue obtained if the intermodal facility operates at 75% capacity.
A failure to reach the target revenue implies downside risk. The downside risk is calculated for
each intermodal facility for all of the considered scenarios. The sum of downside risks of all
intermodal facilities is the system level downside risk (Equation (34)), which is bounded by the
allowed system level downside risk ¢ - &. By varying the value of o from 0 to 1, the allowed
system level downside risk is increased from 0 to 1.7 billion U.S. dollars. It enables the
identification of different intermodal facility investment plans associated with the corresponding
allowed system level downside risk values.

The model was solved for eight allowed system level downside risk values. Table 8
illustrates the intermodal facility investment plans selected by the model with and without
downside risk. The IFLMD is infeasible if the allowed system level downside risk is less than
1.45 billion dollars (o <0.85). There are several ports and terminals in the system that operate at
a very low or zero capacity. These ports and terminals generate downside risk and preclude
feasibility if the allowed system level downside risk is less than 1.45 billion dollars. Hence, only
results for ¢ >0.85 are shown in Table 8 and discussed hereafter.

Three port intermodal projects (Charleston, Boston, and New Orleans) and six terminal
intermodal projects (Arizona, Florida, Georgia, New Jersey, Pennsylvania, and Texas) are
selected for improvement for all cases (with and without downside risk, and for all allowed
system level downside risk values). It suggests that these nine intermodal projects entail high
priority, as they are predicted by the model to have high commodity volume and low risk. Other
ports and terminals that are considered for improvement will not operate at a high utilization
level in some or all of the scenarios, and thus will generate some downside risk. Hence, the
model must find specific combinations of intermodal projects to satisfy the downside risk

constraints.
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Table 9 Selected port and terminal intermodal projects

Port / terminal intermodal [ Without With downside risk based ondifferentvalues of o

project downsiderisk | 0.85 0.87 0.88

o
©
=

091 093

©
S
o
o

Boston Y Y Y Y Y
Wilmington

Charleston

Jacksonville

Los Angeles/Long Beach
New Orleans

Arizona

California, Los Angeles
California, San Francisco
California, Santa Cruz
Connecticut

Florida

Georgia

lllinois

Indiana

Massachusetts

Maine

Michigan

New Jersey

Nevada

New York

Pennsylvania

Texas

Utah

Virginia
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Note: ‘Y’ —intermodal project selected, ‘N’ — intermodal project not selected

The Utah intermodal project is part of the optimal intermodal facility investment plan
under only low values of allowed system level downside risk, when other more economically
efficient intermodal projects cannot be chosen due to the risk constraint. The Utah intermodal
project is not selected when downside risk is not considered. Figure 5 and 6 illustrate the impact

of different allowed system level downside risk values on commodity flow distribution through
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the terminal in Utah. As the allowed system level downside risk increases, the commodity flows
volumes, number of ports, and number of states using the Utah terminal for transhipment

commodity flows decreases.

2,500

2,000

1,500

1,000

500

Commodity flow, thousand tons

0.85 0.87 0.89 091 0.93 0.95 0.97 0.99
Allowed system level downside risk rate

—e—OE estimates of future international trade
—e—WTO estimates of future international trade

Figure 5 The commodity flow volume through terminal in Utah for different allowed system

level downside risk values for o € [0.85,1.00]

The results reveal that the west coast U.S. ports have lower utilization in scenarios where
the Panama Canal expansion is considered. To reduce the risk associated with low utilization, the
commodity flows from/to several states are routed by the model through Utah and those ports.
These commodity flow requires more terminal capacity in that region due to lack of rail capacity
in ports. These results suggest that under the low allowed system level downside risk, investing
in terminals can be preferable to investing in ports as the former provide more flexibility for
commodity flow distribution in terms of the ability to absorb commodity flows coming from

different ports and states.
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Figure 6 States and ports that have commodity flow from/to terminal in Utah for different allowed system level downside risk values for

o €[0.85; 1.00] under OE estimates of future international trade
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Starting from o = 0.88, the Utah intermodal project is replaced in the intermodal facility
investment plan by four intermodal projects in California: the Los Angeles/Long Beach port and
three terminals in California. The low utilization of the port of Los Angeles/Long Beach in some
scenarios induces downside risk and prevents the port intermodal project in Los Angeles/Long
Beach from being selected when the allowed system level downside risk is capped at a lower
level. The three terminal intermodal projects in California are efficient only when the port of Los
Angeles/Long Beachis selected.

If we further relax the downside risk constraint (to o = 0.94), the Jacksonville port
intermodal project is selected. If the Nova Scotia Port is constructed, the Jacksonville port
utilization is in the range 58-74% under WTO estimates of future international trade, and 100%
in other scenarios. The downside risk induced in those scenarios prevents the port intermodal
project in Jacksonville from being selected when the allowed system level downside risk is
capped at a lower level. However, in other scenarios, Jacksonville is fully utilized and the
improvement of Jacksonville leads to a significant decrease in maritime transportation costs, as
the intermodal facility investment project in Jacksonville will allow bigger vessels to call at the
port. These results indicate that investing in ports is preferable to investing in terminals when
higher downside risk is allowed as ports can provide significant savings in terms of expected
system costs but are associated with higher risk.

The following intermodal projects are not selected in all cases whether downside risk is
considered or not: port Wilmington, and terminals in Connecticut, Illinois, Indiana,
Massachusetts, Maine, Michigan, Nevada, New York and Virginia. It suggests that these
intermodal projects should be treated as low priority projects as these terminals and port can
have lower commodity flow in some or all of the considered scenarios.

Cost variance and expected system costs across all eight scenarios for o € [0.85,1.00] are
shown in Figure 7. The expected system costs across all scenarios increase with the decrease in
the allowed system level downside risk. Similar results are obtained for system costs in each
scenario and for expected system costs across the scenarios for a specific estimate of future
international trade. The expected system costs under higher estimate of future international trade
has larger increase (2.14%) if the allowed system level downside risk is lower compared to that
under the lower estimate of future international trade (1.38%). As the allowed system level

downside risk decreases, several intermodal projects become infeasible due to the high
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associated risk. This reduces the flexibility in commodity flow distribution and leads to routes
that are more expensive. The difference in the expected system cost increase between the two
estimates of future international trade is because commodity flows under both these estimates
need to be allocated to the same capacity of intermodal facility. Scenarios with a higher estimate
of future international trade have less flexibility in commodity flow distribution through the
available routes. Hence, flows are allocated to more expensive routes in scenarios with a higher
estimate of future international trade. Consequently, these scenarios experience higher increases

in system costs.

113.0 1,060.0

1125 1,050.0

112.0 ~ 1,040.0

1115 \—.—\\\ 1,030.0
1110 \ 1,020.0

1105 1,010.0
110.0 \\L i 1,000.0
990.0

0.85 0.87 0.89 0.91 0.93 0.95 0.97 0.99
Allowed system level downside risk rate

dollars

Expected system costs, billions of U.S.

109.5

—=\Variance —e—Expected system costs

Figure 7 Expected system costs and variance associated with different allowed system level

downside risk values for ¢ € [0.85,1.00]

Figure 8 depicts the system costs for the eight considered scenarios. The results for the
two different estimates of future international trade are plotted using vertical axes on either side
with same scale but different ranges.

Scenarios with the same estimate of future international trade have varying increases in
system costs with decreasing allowed system level downside risk due to different realizations of

emerging infrastructure projects. In particular, the Panama Canal expansion project allows more

Variance, square billions of U.S. dollars
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commaodity flows to go through it and allows bigger vessels to be deployed on routes through the
Panama Canal. The construction of the Nova Scotia Port allows bigger vessels to be used to
transport commodities to the east coast of the North America. Hence, the scenarios considering
either one or both of these projects have more flexibility in commodity flow distribution outside
the U.S., leading to lower increases in system costs for the same estimate of future international
trade. It contributes to increase in cost variance across all scenarios with decreasing allowed
system level downside risk.

The following insights are obtained from the downside risk analysis. First, investing in
intermodal terminals is preferable to investing in ports under low allowed system level downside
risk. Terminal intermodal projects have lower risk values because they provide more flexibility
to absorb commodity flows coming from different ports and states. Second, port intermodal
projects tend to be associated with high downside risk, but can reduce expected system costs
significantly, and are hence preferable under higher allowed system level downside risk. The
expected system costs increase with the decrease in downside risk as fewer intermodal projects
are feasible under it, and this reduces the flexibility in commodity flow distribution. Fourth, the
cost variance increases with the decrease in allowed system level downside risk due to the need
to fully allocate commodity flows for different realizations of emerging infrastructure projects.
Fifth, the optimal solution is highly dependent on the allowed system level downside risk.

Different sets of investment plans are obtained by varying this parameter.
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CHAPTER 5. CONCLUDING COMMENTS

This study proposes a mixed integer dynamic capacitated intermodal facility location
model that incorporates downside risk management to facilitate the strategic intermodal facility
investment decision-making process under uncertainty in commodity flow. A uncoordinated
and/or myopic strategic intermodal facility investment planning approach may lead to inadequate
or wasteful intermodal facility investment. To address limitations of such an approach, this study
proposes a holistic system level approach for strategic intermodal facility investment planning.
The proposed approach incorporates systematic and coordinated decision-making for strategic
intermodal facility investment planning. The proposed methodology provides national-level
policymakers with tools to develop policy and regulatory decisions. It also enables local and
regional stakeholders to make coordinated, more informed investment decisions that maximize
their investment potential.

The IFLMD can also be used to address several real-world issues in the design of the
strategic intermodal facility investment plan, including: uncertainty in commodity flow due to
different estimates of future international trade, changes in commodity flow distribution due to
congestion, system-level congestion reduction, the impact of emerging infrastructure
development on commodity flow distribution within the region of interest, and the impact of
empty container repositioning cost on commodity flow distribution. The downside risk is
incorporated in the proposed model to hedge the investment risk associated with commodity
flow uncertainty due to different estimates of future international trade and different emerging
infrastructure projects. Downside risk analysis is used to identify different intermodal facility
investment plans that are consistent with different risk tolerance levels of system level strategic
intermodal facility investment decision-makers or policy-makers. The obtained intermodal
facility investment plans illustrate trade-offs between two objectives: minimizing expected
system costs and reducing downside risk. To perform the downside risk analysis, different
allowed system level downside risk values are considered.

Numerical experiments are used to estimate the optimal strategic intermodal facility
investment plan for ports and terminals in the U.S. using national level data. The scenario-based
solution approach is used to characterize the uncertainty in commodity flow. Eight scenarios are
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created, where each scenario captures the uncertainty in commodity flow due to the estimates of
future international trade (forecasts from World Trade Organization and Oxford Economics) and
the various realizations of two emerging infrastructure projects (Panama Canal expansion and the
construction of the Nova Scotia Port). As noted earlier, the results of numerical experiments
without downside risk analysis indicate that projects involving the development of ports in New
Orleans, Charleston and Boston may be suitable for prioritization. The results also suggest that
the project involving the development of the Los Angeles/Long Beach port entails high priority,
but with the simultaneous development of relevant terminals. In addition, the results show that
the projects involving the development of the Wilmington and Jacksonville ports are sensitive to
the construction of the Nova Scotia Port and may lose commodity flow when it opens.

Results for different allowed system level downside risk values are analyzed to rank
intermodal projects based on the associated risk. This helps to categorize at national level
intermodal projects into several groups: (i) intermodal projects with low risk (six terminal
projects: Arizona, Florida, Georgia, New Jersey, Pennsylvania, and Texas; and three port
projects: Charleston, Boston, and New Orleans), (ii) intermodal projects that are not optimal in
any scenario regardless of allowed system level downside risk (port project in Wilmington,
terminal projects in Connecticut, Illinois, Indiana, Massachusetts, Maine, Michigan, Nevada,
New York and Virginia), (iii) intermodal projects that may or may not be included depending on
the allowed system level downside risk (port projects in Jacksonville and Los Angeles / Long
Beach, terminal project in Utah, and three terminal projects in California).

Insights from the numerical experiments suggest that investing in terminals is preferable
when the allowed system level downside risk is low. When the allowed system level downside
risk is on the higher side, port intermodal projects become more preferable. The results also
show that with lower allowed system level downside risk, the expected system costs and cost
variance increase due to more restrictive conditions imposed on commodity flow distribution as
fewer investment plans are feasible. Further, the optimal intermodal facility investment plan can
change significantly due to uncertainty in commodity flow and different risk perceptions of the
system level strategic intermodal facility investment decision-makers.

At a more fundamental level, of significant importance to maritime and intermodal
infrastructure decision-makers at the local level and policy makers at the regional or national

levels, the proposed study illustrates that decisions on significant investments in new
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infrastructure or enhancements to existing infrastructure should be based on holistic system level
evaluations that incorporate important interacting factors and developments that may
geographically far removed. That is, isolated local-level evaluations and uncoordinated decisions
(related to such investments) due to the potential for competition for freight transportation
demand among the various proposed projects can significantly enhance the risk of
underperformance relative to the forecast growth strategies while making such investments. This
further suggests that there may be an important role for regional- or national-level policymakers
in terms of conducting appropriate studies and coordinating strategies, or providing advisories, in
conjunction with the local and regional stakeholders. Further, the current study results using the
numerical experiments are based on specific trend scenarios and the available data; more
exhaustive data sets or other trend scenarios can seamlessly be incorporated in the proposed
IFLMD model and may illustrate other infrastructure investment choices.

Future research directions are as follows. First, the estimation of the difference between
coordinated decisions at a national level and decentralized decisions at the individual intermodal
facility level can aid regional and national policymakers to make decisions related to the strategic
planning of intermodal facilities. Second, the vulnerability of the intermodal transportation

system in the U.S. can be analyzed by adding scenarios with facility disruptions.
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