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Optimal Subsidy Scheme Design for Promoting Intermodal Freight Transport

Abstract

Waterborne transport is known to have low environmental impacts compared to other modes. This paper
investigates the optimal container subsidies for shippers to promote intermodal shipping involving
waterways in a regional transportation network. We consider a linear subsidy scheme consisting of a
fixed-rate component and a variable component proportional to the sailing distance. The optimal subsidy
design problem is formulated as a bilevel program to maximize the intermodal transport split of demand
and minimize the subsidy expenditure. Faster methods are developed to solve the optimization problems
of two special subsidy forms, i.e., fixed-rate and distance-based schemes. A case study of the Pearl River
Delta region in China suggests that an optimally designed subsidy scheme can increase the intermodal
split of container transport by 16%. Many insights are unveiled from the case study regarding the
performance comparison between different subsidy schemes, the optimal schemes’ environmental
impacts, and their effects on individual shippers and feeder ports. For example, the subsidy is less
effective for shippers originating too far from or too close to the hub port and for highly time-sensitive
or time-insensitive goods. Moreover, two commonly-used objectives, maximizing the intermodal split
and minimizing the CO; emissions, are well aligned as they yield similar solutions. These insights can
assist the local governments in determining the appropriate subsidy schemes and better understanding
their overall effects.

Keywords: container subsidy; intermodal transport; waterway transport; bilevel programming

1. Introduction

1.1 Background

Governments have been promoting the shift of freight transport from road to more sustainable modes
such as rail, maritime, and inland waterways (EC, 2001; Zhang et al., 2015; SCIO, 2016). For example,
the European Union targets a 30% shift of long-distance (i.e., over 300 km) freight transport from road
to greener modes by 2030 and another 20% by 2050 (COM, 2011). Goals of this kind are ambitious and
challenging because road transport still dominates the market of continental freight transport in recent
years (Tawfik and Limbourg, 2018).

Inland waterway has been widely considered as a promising alternative to road transport (Meers
and Macharis, 2015) for multiple reasons. First, waterway transport is commonly recognized as the most
environmentally friendly among major freight transport modes (Wiercx et al., 2019). Promoting
waterway transport has become more important than ever because many countries and regions have
pledged to achieve carbon neutrality in the next few decades (McKinnon, 2010). Second, shifting the
roadway freight transport to waterways can reduce road traffic congestion and pavement deterioration.
In addition, inland waterway transport has been viewed as a catalyst for boosting the regional economy
(Onuche, 2007). Finally, freight transport through inland waterways still has a large room for
improvement (Rogerson et al., 2020). For example, in Sweden, only 0.7% of the export goods were
shipped by inland waterways. On the other hand, a major barrier to promoting inland waterway transport
is the cost, including the port service charges (Rogerson et al., 2020). Thus, preferential policies such as
subsidies are necessary for inducing the shift towards inland waterway freight transport.
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The effectiveness of subsidy schemes on inducing demand shift towards intermodal routes (e.g.,
road + inland waterway) has been demonstrated by many studies (Myles, 1995; Gruber, 2005).
Governments seem to be especially interested in this policy instrument (Yang et al., 2020). For example,
the Belgian government has allocated an annual budget of 30 million Euros to subsidize the intermodal
transport operators (Macharis et al., 2011; Santos et al., 2015). Subsidy instruments also play an
important role in the US government’s America’s Marine Highway Program that promotes coastal
shipping instead of trucking (DOT, 2011). However, setting up a subsidy policy that ensures both the
maximum effectiveness and the minimum financial burden remains a challenge to the governments.

In light of the above, this paper will develop optimal subsidy schemes that maximize the waterway
share of freight transport in an intermodal transportation network. We next review the literature in this
realm.

1.2 Literature review

Table 1 summarizes the literature on subsidy policies for promoting intermodal freight transport. Here
we include the studies related to waterway and rail transport. This is because works on waterway
transport only are scarce (Tao, 2013); see column 2 of Table 1.

Table 1. Comparison of studies on the intermodal freight subsidy policies

Authors Subsidized Subsidy Subsidy Optimized Assessment metric Terminal
(Year) Mode recipients scheme or not or objective competition
Tsamboulas et al. Int dal sh f
samboufas et Unspecified Carriers Unspecified No fermodatshare o No
(2007) transport
Macharis and Rail and Terminal
ac_ ans an at am ermina General No Hinterland area Yes
Pekin (2009) waterway operators
Chen et al. Minimizi bsi-
eneta Waterway Carriers Link-specific Yes 1n1mlzmg subst Yes
(2014) dy expenditure
Bouch d Fixed-rate and
onclery an Rail Shippers .1xe rate an No CO; emissions No
Fransoo (2015) distance-based
I 1 sh f
Santos et al. (2015) Rail Carriers General No ntermodal share o Yes
transport
Tao et al.
(;glf;)a Rail Shippers Fixed-rate No COz emissions No
Kundu and Sh Maximizi ial
(21(1;; 91)1 an e Rail Shippers Fixed-rate Yes W;);:ilzmg socid No
Li and Zh Distance-
(2102121:)) ang Rail Shippers balss:ince No CO: emissions Yes
Distance- Maximizi rt
Li et al. (2020) Waterway Shippers istance Yes aximizing - po Yes
based profits

Column 3 of Table 1 shows that subsidies can be directed to three types of recipients: carriers,
terminal operators, and shippers. Qu et al. (2017) found that subsidizing shippers was the most effective

3



90

95

100

105

110

115

120

125

in maximizing the modal shift to waterway transport. Hence, our study will focus on this type of subsidy.

Column 4 shows that two simple subsidy schemes were often examined in the literature, including
the fixed-rate scheme where the subsidy per unit of cargo (e.g., TEU) is a constant and the distance-
based scheme where the subsidy is proportional to the shipping distance. They have also been commonly
used in practice (e.g., Pekin et al., 2008; van Leijen, 2019). In addition, Macharis and Pekin (2009) and
Santos et al. (2015) studied a more general scheme that combines the two simple schemes (simply
termed the “general scheme” in this paper). Unfortunately, most of these studies have only investigated
specific schemes with predefined parameters. Only a handful have attempted to derive the optimal
subsidy schemes (see column 5 of the table). For example, Chen et al. (2014) developed a bi-level model
for minimizing the total subsidy expenditure to a liner company subject to an emission reduction target.
Kundu and Sheu (2019) employed a game theoretical framework to model the competition between rail
and maritime transport under differentiated subsidies towards shippers. The objective is to determine
the optimal subsidy rates for maximizing social welfare. Li et al. (2020) examined the competition
between two maritime ports. Each port aims to maximize its profit by providing an optimal subsidy to
attract shippers. To their credit, the above-cited works demonstrated how the optimal subsidy schemes
could be derived in their own operating environments. However, they cannot be directly applied to
maximize the intermodal freight transport in a regional network considering both modal and terminal
competitions. Moreover, those studies only focused on finding the optimal subsidy schemes of simple
forms, e.g., fixed-rate or distance-based schemes. The optimal design of the more general subsidy
schemes has gone unnoticed.

On a related note, the optimal subsidy design problem and the optimal toll design problem for
highways, bridges, and tunnels (e.g., Martine et al., 1998; Brotcorne et al., 2001; Castelli et al., 2013;
Liu et al., 2014) are alike to some extent. This is because a subsidy can be viewed as a negative toll.
However, the toll optimization models in the literature cannot be directly applied to our subsidy design
problem because subsidy programs are often subject to budget constraints while toll schemes are not.
Incorporating a budget constraint will increase the solution complexity considerably.

1.3 Overview of the paper

This paper fills the above research gap by optimizing a general subsidy scheme to promote intermodal
container transport. For simplicity, we focus on regional networks where road and waterway are the two
dominant modes, e.g., China's Pearl River Delta region. A bi-level programming model is developed for
this purpose. The lower-level problem models each shipper’s route and mode choice. The upper-level
problem optimizes the general subsidy scheme parameters with a budget constraint for two objectives:
maximizing the intermodal split of demand and minimizing the total subsidy expenditure. In addition,
we formulate a second model that minimizes CO, emissions. This enables us to compare the optimal
policies derived under different objectives. To our best knowledge, this is the first study that
simultaneously incorporates various features of generality and reality in the optimal subsidy design
problem. These features include: (i) the optimization of a general subsidy scheme that can potentially
outperform the two commonly-used special ones; (ii) a bi-objective optimization model that not only
maximizes the policy’s effectiveness but also minimizes the government’s expenditure; and (iii) a
comparison between different objectives to help the government better understand the effects of the
scheme.

Solution approaches are proposed. In particular, we show that the optimal special schemes can be
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found in polynomial times.

We apply the models to find optimal subsidy schemes for a case study using real-world data.
Results show that the optimal general scheme can induce an additional intermodal split of 16% compared
to the no-subsidy scenario. More numerical analyses are performed to identify the properties of the
shippers and cargo types that are easier to convince by the subsidy, outcomes of the port competition,
the sensitivity of the intermodal split to the subsidy budget, and the scheme’s cost-effectiveness in view
of carbon trading. Managerial insights and their practical implications are discussed.

The rest of the paper is organized as follows. Section 2 describes the bi-level model for optimizing
the general subsidy scheme in an intermodal transportation network. The tailored solution algorithms
for the optimal general and special subsidy schemes are developed in Section 3. Numerical examples
and insights are presented in Section 4. Conclusions and discussions are furnished in Section 5.

2. Problem description and formulations

Section 2.1 introduces the notations used in this paper. The optimal subsidy design problem is described
in Section 2.2. Section 2.3 presents the general and two special subsidy schemes. Section 2.4 furnishes
a bi-objective, bi-level formulation to maximize the intermodal demand split and minimize the subsidy
expenditure. An alternative formulation for minimizing CO; emissions is presented in Section 2.5.

2.1 Notations

Indices and sets

i Index of a shipper

I Set of all shippers

Ji Index of a feeder port
] Set of all feeder ports
H The hub port
Parameters

d{ . Travel distance by road between shipper i’s origin and feeder port j, km

d{fr Travel distance by road between shipper i’s origin and the hub port, km

df’w Sailing distance between feeder port j and the hub port, km

tij . Travel time by road between shipper i’s origin and feeder port j, h

t{,{r Travel time by road between shipper i’s origin and the hub port, h
tfw Sailing time between feeder port j and the hub port, h

D; Demand of shipper i, TEU
o Shipper i’s value of time, $/TEU/h
Cr Variable cost per km of road transport, $/km/TEU
D; Service charge at feeder port j, $
CV{} Variable cost per km of waterway transport departing feeder port j, $/km/TEU
B Budget of subsidy, $
R Fixed cost rate of road transport, $/ TEU
w Fixed cost rate of waterway transport, $/TEU
ey CO; emission rate for road transport, g/ton-km
5
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e CO; emission rate for waterway transport, g/ton-km

q; Weight per TEU for shipper i, ton

qr Lightweight of a 20-foot truck, ton

qv,j  Lightweight of a container vessel departing feeder port j, ton

Ky,j  Number of TEUs carried by a container vessel departing feeder port j

Decision variables

Xij Volume of containers shipped from shipper i’s origin via feeder port j, TEU
Zy Fixed-rate subsidy, $/TEU

z; Distance-based subsidy rate, $/km/TEU

2.2 Problem statement

We consider a regional freight transportation network consisting of road and waterway links. The region
contains a hub seaport denoted H, where all the export cargos (containers in this paper) are destined.
Denote I the set of shippers, and | the set of feeder ports in the region that are connected to the hub
port by waterway links. Each shipper i € I has a demand of D; (TEUs) to be transported from a
distinct origin to H. The shipper can choose between a road-only route (marked by the thick, solid arrow
in Figure 1) and |J| intermodal routes. Each intermodal route consists of a road link from the origin to
a feeder port (marked by a thin, solid arrow in Figure 1) and a waterway link from that feeder port to
the hub port (marked by a dashed arrow). The regional government aims to maximize the total number
of TEUs transported via intermodal routes by subsidizing shippers who choose those routes. In addition,
the government desires to minimize its total expenditure on subsidy, given that the intermodal demand
share is maximized.

Feeder ports — Road link
T s » Waterway link

Shipper ’s % ‘ Hub port

. AL
origin ‘

Figure 1. A shipper’s route options

Shipping cost and transit time are the two main concerns for shippers (Lam and Gu, 2013; Sheu
and Kundu, 2018). The shipping cost per TEU consists of fixed costs (e.g., capital, insurance, and
maintenance costs), variable costs related to travel distance (e.g., fuel cost), and service charges at feeder
ports. Denote R and W the fixed costs per TEU on road and waterway links, respectively. The R is
usually less than W since waterway transport has higher capital and maintenance costs (Macharis and
Verbeke, 2004). Further denote C, the variable cost per TEU per km traveled by road, and CJ, the

variable cost per TEU per km traveled by water from feeder port j to H.! We have C‘{, <C,Vj€E],
since waterway transport uses less fuel and staff per TEU per km traveled. In addition, denote p; the
service charge per TEU at feeder port j € J. Hence, shipper i’s shipping cost per TEU via the road-only
route is R + Crdfr ($/TEU), where dffr denotes the shortest distance by road from shipper i’s origin

! The variable cost of waterway transport depends on the ship size, which is constrained by the feeder port.
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to the hub port H. Similarly, shipper i’s shipping cost via the intermodal route that passes through
feeder port j is R + Crdi]: F+W+pi+ C,,];djf’w, where dl] - denotes the shortest distance by road

from shipper i’s origin to port j, and djflw the shortest sailing distance from port j to H.

For simplicity, we assume the travel time on each link is deterministic. Denote t{’{r the travel time
by road from shipper i’s originto H; tl] , the travel time by road from shipper i’s origin to feeder port
Jj; and tﬁw the sailing time from port j to H, including the handling time at port j. We have tfr <
tlJ -t tf_’w because road travel is faster. Further denote §; the unit time value per TEU for shipper i,
which is used to convert the shipping time to a monetary cost. The value of time mainly depends on two
factors: (i) the holding cost rate, which is proportional to the value of cargo; and (ii) the cargo’s time
sensitivity (for example, perishable goods like fruits and vegetables have a higher value of time). Thus,
shipper i’s time cost is 6itfr ($/TEU) for the road-only route, and 5i(t{, -t tf’w) ($/TEU) for the

intermodal route passing through port j € J.

In sum, shipper i’s pre-subsidy costs per TEU by road only and by the intermodal route via feeder

port j, C! and Cij , respectively, are formulated as:

Cf' =R+ C.df. + 6;tf,viel (D
C/ =R+ Crdl, + W +p;+Cldl, +5,(t], +¢1,), Viel, jeJ 2

2.3 Subsidy schemes

We consider a general, linear subsidy scheme in the form of z, + z,d, where z, denotes the fixed
subsidy per TEU transported by waterway, and z; the subsidy rate per TEU per km traveled by
waterway. The fixed-rate and distance-based schemes are special cases of the general scheme: the former
occurs where z; = 0, and the latter where z, = 0.

2.4 A bi-objective, bi-level formulation for maximizing intermodal split and minimizing
subsidy expenditure

We formulate a bi-level program to optimize the government’s primary objective, i.e., maximizing the
intermodal transport share (Yin et al., 2020). The lower-level problem determines each shipper’s route
and mode choice, taking the subsidy scheme as input. The lower-level decision variables, x;;, i € I,

j €], are defined as the volume of containers assigned by shipper i to the intermodal route via feeder
; E
develops the optimal scheme parameters, z, and z;. The bi-level program is given by:

port j. And the optimal lower-level solution is denoted by x;;, i € I, j € J. The upper-level problem

[M1]

rzroléyf Yiel Zje] x;j (3)
subject to:

Yiel Xjej x{"j(zo + Zld]{:Iw) <B 4
20+ zdl, <W + Cldl, +pj, Vi€]J (5)
Zp=0 (6)
7,20 7
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where

Xi; € argmin {Tjes(C¢] =20 — z1d}!, )xij + CF(D; — Xjeyxij)}, Vi€ (8)
ij

subject to:

ZjejxijSDi, Viel 9

xij20, Viel,je]. (10)

The upper-level objective (3) maximizes the split of intermodal transport. Constraint (4) is the
budget constraint, where B denotes the prescribed budget. This constraint connects the upper- and
lower-level decision variables. Constraint (5) ensures that the subsidy received by any shipper is never
greater than its actual waterway transportation cost, so that shippers cannot profit by conducting
unnecessary waterway travel. Constraints (6) and (7) ensure the subsidy is nonnegative.

The lower-level objective (8) minimizes each shipper’s post-subsidy cost. Constraints (9) and (10)
are boundary constraints. To avoid multiple lower-level optima, we assume ties are broken in favor of
the upper-level (i.e., the government’s) objective. That means a shipper whose intermodal transport cost
equals the road-only transport cost will always choose the intermodal route. Thus, we have the following
proposition:

Proposition 1. The lower-level solution for each shipper must be an all-or-nothing assignment of
takes the value of 0 or D; forany i €1, j€].

*

demands, i.e., x; J

In addition, we have the following properties for the optimal solution of [M1]. The proofs are
omitted because they are self-evident.

Property 1. The objective of [M1] is non-decreasing in the budget B.

Property 2. Shipper i € I will choose the road-only route over all the intermodal routes if dfr < dl] r

where j* satisfies dljr = min{dijr,j E]}.

Property 1 indicates that the government can improve the modal shift by increasing the subsidy
budget. However, by Property 2, shippers originating near the hub port can never be convinced to take
intermodal routes, regardless of the subsidy level.

[M1] may have multiple optima; i.e., different subsidy schemes may result in the same minimum
objective value. However, the shippers’ route assignments and government subsidy expenditures under
these optimal subsidy schemes may differ. Thus, we formulate the government’s secondary objective
as minimizing the subsidy expenditure, given that the intermodal transport share is maximized. A
second-stage program [M2] is thus introduced to identify the expenditure-minimizing scheme:

[M2]

?Ol'izrllz:iel Yjes Xij (zo + Zldf,lw) (11)
subject to:

Yier Zje]x;j = el Zje] ffj (12)

Constraints (4)-(10).

[M2] solves the subsidy design problem again with an extra constraint (12), which specifies that
the intermodal share must attain its maximum. In (12), x;; is the optimal value of x;; obtained by

8
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solving [M1].

2.5 The minimal emissions model

The main objective for many governments to implement a subsidy scheme is reducing greenhouse gas
(mainly CO,) emissions. This section proposes a second formulation, denoted [M3], that minimizes
CO; emissions. Comparing the optimal solutions to [M3] and [M1] will help the government understand
how the two objectives are aligned.

We assume the CO; emission per ton of cargo is a linear function of the shipping distance. This
assumption has been used in many previous studies (e.g., Qiu and Lam, 2018). Rates of emissions are
denoted e; (g/ton-km) for road transport and e, (g/ton-km) for waterway transport. [M3] is
formulated as follows:

[M3]

g.llzfll e1 " Yiel Ljey Xij dzj,rDi(qL' +qr) + ez - Yier Xjey Xij dwai (Qi + ZLVJ]) + e - Xier(1 — Xjey xij) dfrDi(CIi +qr) (13)

subject to:
Constraints (4)-(10).

where q; denotes the weight per TEU for shipper i € I; qr the lightweight of a 20-foot container
truck; gy, ; the lightweight of a container vessel departing feeder port j € J; and Ky ; the number of

TEUs carried by that container vessel.

3. The optimal subsidy scheme

Section 3.1 linearizes the bi-level formulation [M1] so that the resulting single-level problem can be
solved by commercial solvers like CPLEX. Section 3.2 presents efficient methods tailored for
optimizing the two special schemes. Insights derived from these methods are discussed.

3.1 The optimal general subsidy scheme

Following the duality theory, we replace the lower-level program with its optimality conditions. The
original bi-level problem is thus reformulated as a single-level program. Denote A; (i € I) the dual
variable to the lower-level problem. Due to the strong duality theorem, the lower-level program (8)-(10)
can be replaced with the following equations:

Yiefxii(C] + ) = xii(z0 + z1dft,)} = Dy, Viel (14)
L<C = (20 +zdl)-CH, vielje) (15)
A, <0, Viel (16)

where (14) represents the strong duality, and (15)-(16) are constraints of the dual problem.

The nonlinear constraints (4) and (14) must be linearized. To this end, we follow Proposition 1 (see
Section 2.4) and introduce binary variables u;; to indicate the shippers’ choice of feeder port.
Specifically, y;; =1 if shipper i € I chooses the intermodal route via feeder port j € J, and 0
otherwise. Thus, we have x;; = D;y;;. The objective function (3) then becomes ¥;e; X je; Diptyj. In

addition, constraints (9-10) are replaced with:
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uij € {0,1}. (18)

We further define auxiliary variables y;; to indicate the subsidy per TEU to shipper i € I when it
chooses feeder port j € J; ie., y;; = Mij(Zo +Zldﬁw) if y;; =1, and 0 otherwise. The above

nonlinear equation of y;; can be replaced with the following linear constraints:

—M(1— ;) < yij — (20 + 21d},) S M(1 — ;), Vi€ LVj €] (19)
—Mpj <yi; < Mpgj, VielLvj €] (20)

where M is a number greater than or equal to the maximal subsidy level that any shipper can receive.

Constraint (5) implies that M can be set to any value no smaller than méijx{W + Cv{,dfw +p j}.
J

Now the bi-level program [M1] can be linearized as the following mixed-integer linear program:

[M4]

ror DX iZieI Yjej Ditij (21)
subject to:

Yier2jeyDiyij < B (22)
jeilui(c] = cl) =y} =4, viel (23)

Constraints (5)-(7), (15)-(20)

where constraint (4) in [M1] is replaced with (22), and (14) is replaced with (23). This mixed-integer
formulation efficiently exploits the combinatorial structure of the problem, i.e., that the lower-level

problem’s extremal solutions can be represented by binary variables that indicate demands’ route
assignments. [M4] can be solved by CPLEX.

Accordingly, the expenditure minimization program [M2] is reformulated as follows:

[M5]

min : D y
ZO'Zl'Yij'ﬂij'ﬂiZlEIZ]E] iVij o
subject to:
Yier Xjes Dittij = Yier X jej Ditti; o

Constraints (5)-(7), (15)-(20), (22)-(23)

where p7; is the optimal value of p;; obtained by solving [M4].

3.2 Tailored approaches for two special schemes

Optimal fixed-rate and distance-based schemes can be obtained by solving [M4] and [M5], given that
7y or z, is set to 0, respectively. They can also be solved via more efficient methods, thanks to the
unique properties of these optimal solutions. The following sections explore the properties, tailored
solution methods, and insights for the optimal design of the two special schemes.

3.2.1 The optimal fixed-rate scheme

Under this scheme, a shipper only needs to choose between the road-only route and the intermodal route
associated with the lowest pre-subsidy cost. This is because the intermodal route with the lowest pre-

subsidy cost is also the one with the lowest post-subsidy cost under a fixed-rate subsidy. We define a
10
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binary function ?(z,), i € I, which takes 1 if shipperi chooses an intermodal route under a fixed-
rate subsidy of z, and 0 otherwise. We have:

0, zy < Ag
0 _ y 40 i .
W) ={] S e viel (26)
where Ac; = max {0, m‘zi}l{Cij -cH }} (i € I) is the minimum subsidy to trigger shipper i’s shift from
j

the road-only route to an intermodal alternative. With this, we reformulate the fixed-rate subsidy design
problem as follows:

[M6]

rr;ilx Fo(zo) = Xier¥i (20,0)D; 27)
subject to:

2o Xier¥i (20,0)D; < B (28)
Zy < I}leljn{W +CdR, +p;) (29)
Constraint (6).

[M6] can be solved in a simple way. First, rearrange the sequence {Ac;,i € I} in the ascending
order as {Ac(i),i =12,..,]|I I}. For completeness, we specify Ac® = 0 and add that to the above
sequence. More than one element in this ordered set can be zero, indicating that some shippers may
choose intermodal routes even without subsidy. Denote iy = 1 the index of the first non-zero element
in that sequence, i.e., Ac(V = Ac® = ... = Aclo=D = 0 and Acl) > 0. The shipper corresponding
to the i,-th element in the sequence (for simplicity, we now refer to it by shipper (iy)) will choose a

io—1

e DW. As z, increases

road-only route without subsidy. Then, when z, = 0, we have F,(0) =)
from 0 to AcU), shipper (iy) switches to intermodal transport, and thus FO(AC(iO)) = Zﬁ‘;lD(D.
More shippers will switch as z, further increases, such that Fy(zy) = %:1 DD given I =
max{i|Ac(i) < ZO}. As an illustration of the above process, Figure 2 shows how the total subsidy
expenditure, plotted as a discontinuous, piecewise linear curve with slope Fy(z,), increases with z.
The process ends when the expenditure curve crosses the horizontal line marked by budget B. Denote
the value of z, at this intersection point as Z,, and [ = max{i|AC(i) < 20}. Then the optimal solution

to [M6] is zy = Ac® | This is because any z, greater than 4c®D would only yield a higher
expenditure, but not a greater objective value. Hence, we have the following theorem:

Theorem 1. The optimal fixed-rate subsidy z, is equal to the largest Ac®, 1=1.2,...,|1|, such that
Ac® 'Z%=1D(i) <B,

By using Theorem 1, the optimal fixed-rate scheme can be found with time complexity O(|I]).
This solution algorithm is especially advantageous when the numbers of shippers and feeder ports, |I|
and |J|, are very large.

3.2.2 The optimal distance-based scheme

Under this scheme, as z; increases, a shipper may first shift from the road-only route to an intermodal
one and then to another intermodal route with a longer waterway sailing distance to receive more

subsidy. This process is illustrated in Figure 3 for a typical shipper i € I. The figure plots the post-
11



subsidy cost rate per TEU against z; for all route options: cost rate of the road-only route as the
horizontal line at C7; and that of the intermodal route via feeder port j € J as the line marked by
intercept C l] and slope —djflw. Therefore, the shipper’s minimum cost rate is represented by the lower

envelope of all these lines, as shown by the bolded curve in the figure.
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Figure 2. Total subsidy expenditure for a fixed-rate scheme

Shipper i-s cost per TEU

Figure 3. The lower envelope of cost functions

; . (cl-cfMm) . - . : ) .
Denote z; = max {0, meljn{ L }}, i €1, as the minimum z; to induce shipper i to shift to an
] jw

360 intermodal route (in Figure 3, z! is located at the first vertex of the bolded, piecewise-linear curve).

We have the following theorem:
Theorem 2. The optimal distance-based subsidy rate, zi, belongs to set {Z{,i el } U {0}.

Theorem 2 can be proved by contradiction. The finite set {Zi.,i €l } partitions R+\{Zli,i €l }
into a finite number of open intervals. If z; & {Z{,i €l } U {0}, then z; must belong to one of those
365  open intervals. Moreover, for a sufficiently small € > 0, z{ — € belongs to the same open interval.
Hence, reducing z; from z; to z; — € would not change the objective value (note that the objective
value only changes at {Z{, i€l }). However, it would reduce the subsidy expenditure. This contradicts
the fact that z] is the optimal distance-based subsidy rate.
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Following Theorem 2, we use the binary search algorithm to find the optimal distance-based
scheme. This algorithm also has a time complexity of O(|I]]/|). Again, the above approach is especially
efficient for solving large-scale problems.

As z; increases, a shipper may consecutively switch from feeder ports associated with shorter
sailing distances to those with longer distances. In this way, the shipper’s post-subsidy cost is further
reduced by receiving a higher subsidy. Note that this type of switch does not exist under the fixed-rate
scheme. The above phenomenon has two effects on the solution. First, feeder ports located closer to
shipper origins (i.e., with shorter road segments) but farther from the hub port (with longer waterway
segments) will attract more shippers. This would produce more environmental benefits. Second, as more
shippers choose the intermodal routes, the total subsidy expenditure under the distance-based scheme
increases faster than under the fixed-rate scheme. Thus, with the same budget, the distance-based
scheme may cover fewer shippers than the fixed-rate scheme.

4. Case studies

We apply the proposed models to the Pearl River Delta (PRD) case in Guangdong, China, one of the
world's most densely urbanized regions. Numerical experiments are performed on a 3.6 GHz Dual Core
PC with 8G bytes of RAM.

Section 4.1 describes the PRD case. Section 4.2 compares the computational efficiency of CPLEX
and our proposed algorithms. Section 4.3 examines the optimal general and special schemes of the PRD
case. More discussions are furnished regarding: (i) how shippers’ mode and route choices depend on
their origin locations; (ii) competition between the feeder ports; and (iii) the solution’s sensitivity to the
subsidy budget and value of time. Section 4.4 furnishes a comparison between the schemes under the
intermodal-split-maximizing and emission-minimizing objectives. Finally, we examine the cost-
effectiveness of optimal schemes in view of carbon trading in Section 4.5.

4.1 Case description

The government of Guangdong Province plans to promote the waterways of PRD as viable cargo
corridors to alleviate local highway congestion and reduce emissions (Department of Transportation of
Guangdong, 2020). We use our models to identify the optimal container shipping subsidy program for
the government. Since the above-cited government report lacks detailed information, we collect real
data from various sources for the case study. The data presented below will be used in the following
sections unless otherwise specified.

As the largest container port in the region, the Yantian Port in Shenzhen is designated as the hub
port; see the red pentagram in Figure 4. Fourteen feeder ports in the region, including eight seaports
and six river ports, are marked by the red asterisks in the figure. Due to the lack of shipper data, we
assume that one container shipper is located in each of the 53 cities in PRD. They are plotted as the blue
dots in Figure 4. The shippers’ demands are calculated by allocating a total demand of 6.53 million
TEUs? to the 53 shippers in proportion to the gross domestic product of each city in 2019 (Guangdong
Bureau of Statistics, 2020a). Each shipper is connected to the hub port by one road-only path and 14

2 This number is calculated by dividing the container throughput (including both imports and exports) of the
Yantian Port in 2019 by 2. Over 98.5% of the Yantian Port’s container throughput was carried by trucks and
ships. (https://www.yict.com.cn/about-throughput/annual-throughput.html.)
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intermodal paths via the 14 feeder ports. Since the actual travel distance data are also unavailable, the
travel distance of each roadway and waterway link is estimated by the spheric distance calculated using
coordinates of the ports and cities; see Zhou et al. (2021) for a similar estimation method.

Given the limited data, we consider two types of feeder ports with distinct cost rates: seaside ports
with a fixed cost rate C,q = pj + W (for any seaside port j) and a variable cost rate for waterway
transport C,,q; and riverside ports with a fixed cost rate Cp, = p; + W (for any riverside port j) and
a variable costrate C,,,. We estimate the sum of p; (j € J) and W, because the two parameters cannot
be estimated separately with the limited data. We extract the data of shipping fees per TEU from
JCTRANS (http://www.jctrans.com/, in Chinese) for three types of links connecting to the Yantian Port:
two types of waterway links starting from seaside ports and riverside ports, respectively, and roadway
links. For each type of links, we collected 3-4 data points with different link origins. They were
regressed on the travel distances to obtain the parameter values listed in Table 2. The R-squared of the
three regression models are 0.79, 0.68, and 0.91, respectively.
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Figure 4. Locations of shippers and ports in Guangdong Province

Table 2. Cost parameters

Cw1 ($/km/TEU) 0.73
Cwz ($/km/TEU) 0.42
(pj + W), (S/TEU) 132.21
(pj +W), (S/TEU) 81.37
R ($/TEU) 77.27
C, ($/km/TEU) 1.52

We assume the truck speed is 70 km/h (Bektas and Laporte, 2011), and the vessel speed is 22.22
km/h (equivalent to 12 knot/h; see Norlund and Gribkovskaia, 2013). The travel time on each link is
thus derived by dividing the distance by the speed. A shipper’s value of time is randomly generated
from a uniform distribution with support [0.07,14.80] $/TEU/h (Zhao et al., 2018; Yang et al., 2020).
An additional cost rate of 0.25 $/TEU/h is added to each shipper’s value of time to account for the cost
borne by complying with ports’ sulfur emission regulation.®

3 This cost rate is estimated as follows. For a typical 600-TEU vessel, the fuel consumption is 28.0 ton/day
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4.2 Computational efficiency of the solution algorithms

Before examining the PRD case, we first perform an extensive and unbiased comparison between
solution algorithms. This section examines 15 instances where the numbers of shippers and feeder ports
vary between 1000-5000 and 10-15, respectively. These numbers represent reasonable sizes for regional
shipping networks (Guangdong Bureau of Statistics, 2020b; Zhao et al., 2020). In each instance, each
shipper’s demand, longitude, and latitude of its origin are randomly generated from uniform
distributions with support [50,150] TEU, [109.5,117.3]°, and [20.3,25.5]°, respectively. (Note that
the magnitude of the number of containers will not affect the solution algorithms’ performance.) The
budget is set to $310,000. Other parameter values are the same as described in Section 4.1.

Table 3. Runtimes of the proposed algorithms, CPLEX, and the PSO heuristic method

Number Number Fixed-rate Distance-based General

ippers o0 Jg;"é('i{ﬁ% CPLEX pso () G aTgaé('g‘i){ﬁ?n CPLEX pso@ G CLEX pso( O
1000 10 0.0011 1.9858 0.1329 0.26 0.0046 2.2841  0.8564 14.95 6.1356 0.8718  3.12
1500 10 0.0025 1.8733  0.2039 0.13 0.0045 4.7375 1.1613 10.61 12.2051 1.1486 1.98
2500 10 0.0010  4.5268 0.3306 0.09 0.0070 19.6217 1.7618  5.56 35.1862 1.7372 1.14
3500 10 0.0017  11.1593 0.6762 0.05 0.0106  43.8470 2.5804 4.42 72.2932 2.5697 1.25
5000 10 0.0020  18.8264 1.2234 0.28 0.0159 154.6123 3.4796 3.76 185.8363 34260  0.78
1000 12 0.0009 1.4829 0.1496 0.41 0.0034 2.6749  0.8447 9.58 8.6110 0.8205 2.38
1500 12 0.0009  2.6773 0.2155 0.23 0.0047 6.3243 1.1960  7.55 18.3808 1.1834 1.34
2500 12 0.0011 5.6180 0.3922 0.07 0.0073 209557  1.7999 4.16 46.0184 1.7632  0.99
3500 12 0.0017 12.6138 0.7070 0.04 0.0105  41.5369 2.5967 3.06 126.0792 25186 091
5000 12 0.0021 233466 1.2423 0.11 0.0162 173.8749 3.4927 2.18 268.0506  3.4393 0.54
1000 15 0.0010 1.8394 0.1546 0.20 0.0031 3.8340  0.8540 8.61 14.7473 0.8315 1.67
1500 15 0.0010  3.2497 0.1890 0.11 0.0044 9.5352 1.1745  7.18 34.0495 1.1876 1.81
2500 15 0.0011  11.4632 0.4283 0.06 0.0080  28.5362 1.8316 3.64 118.9376  1.7650 1.24
3500 15 0.0016  18.1714 0.7193 0.04 0.0108 85.7501 2.5956  2.63 286.3538  2.5357  0.79
5000 15 0.0020  36.6905 1.2694 0.17 0.0155 1109011 3.5590 1.99 686.8979  3.4751 0.50

Table 3 presents the runtimes for the 15 instances under each of the three subsidy schemes. For the
fixed-rate and distance-based schemes, we compare the runtimes and solution quality of the tailored
method (Sections 3.2.1 and 3.2.2), CPLEX (using the approach in Section 3.1), and a partical swarm
optimization (PSO) algorithm. For the general scheme, the runtimes and solution quality are compared
between CPLEX and PSO. GapP indicates the percentage gap between the objective values of the exact
solution (CPLEX and tailored methods) and the heuristic (PSO). Key parameters of the PSO algorithm
take values used in previous works (Chen et al., 2019; Zhen et al., 2020). The population size and the
maximum iteration number are set to 20 and 75, respectively.

The table shows that, for the two special schemes, our tailored methods are generally over 100
times faster than PSO, and the latter is 3-50 times faster than CPLEX. In addition, PSO renders an

(Bernacki, 2021). If it uses the low-sulfur fuel (VLSFO), the cost would be $128.5 higher than using a regular
fuel (IFO380) for each ton of fuel; see World Bunker Prices (2021). To comply with the sulfur emission regulation
at ports, a vessel will switch to VLSFO when it is navigating in the proximity of a port. We assume each vessel

spends one hour navigating near a port. Then the additional cost rate is % = 0.25 $/TEU/.
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objective value gap up to 15%. Further examination of the results shows that as the problem size (mainly
the number of shippers) increases, the CPLEX runtime grows muchs faster than the tailored algorithms.
Thus, the tailored algorithms should be used for optimizing the special subsidy schemes. They are
especially advantageous for solving large-scale problems; see Section 3.2. On the other hand, the last
three columns of Table 3 show that CPLEX can still find the optimal general subsidy fairly efficiently
for medium-sized problems. This demonstrates the computational feasibility of our models for practical
applications. Although PSO is significantly faster than CPLEX, the PSO solution is sub-optimal with a
gap up to 3%.

4.3 Optimal subsidy schemes for the PRD case

We now focus on the PRD case and assume B = $1.02 X 108 (roughly equivalent to 660 million
CNY). Section 4.3.1 presents the optimal solutions of the PRD case under the three subsidy schemes.
Section 4.3.2 investigates the origin locations of shippers that switch to intermodal routes under the
optimal subsidy and the container volumes served by each feeder port. Section 4.3.3 examines the
sensitivity of maximum intermodal split to the subsidy budget and shippers’ values of time.

4.3.1 Optimal subsidy schemes

The three optimal schemes for the PRD case are summarized in Table 4. Compared against the no-
subsidy scenario, the three schemes increase the intermodal transport share by 14.31-15.99%, with a
total expenditure of about $1.0 X 108. The general subsidy scheme is slightly more effective than the
two special schemes in inducing the shift toward intermodal routes. However, this is at the cost of a
modestly larger expenditure.

Table 4. The optimal subsidy schemes for the PRD case

Optimal scheme Intermodal share Minimal expenditure ($)
No subsidy \ 19.36% \
Fixed-rate subsidy zy = 21.68 $/TEU 34.22% 0.97%x108
Distanced-based subsidy z; = 0.13 $/km/TEU 33.67% 1.00x108

z3 = 2027 $/TEU

35.35% 1.01x108
z; = 0.011 $/km/TEU ’

General subsidy

4.3.2 Shippers ’route choices and feeder port competition

We now examine the properties of shippers that are motivated by the optimal general subsidy to switch
from road-only to intermodal routes. Figure 5 colors the 53 shipper origins by the way they are affected
by the subsidy: the grey dots represent shippers choosing the intermodal transport even with no subsidy;
the blue dots represent those motivated by the subsidy to choose the intermodal transport; and the white
dots represent those who still choose road-only under the subsidy. Locations of the hub and feeder ports
are also plotted for reference. The figure shows that all the grey dots are located at moderate-to-far
distances from the hub port because a shipper with a longer travel distance can enjoy more cost
reduction by water transport (recall that C‘{, < C,, Yj €]). On the other hand, most white dots are
located close to the hub since those shippers prefer road-only to avoid the intermodal detour and transfer
costs. They are either impossible or very costly to convert by subsidy. Note that this is consistent with
Property 2 in Section 2.4. Finally, the blue dots are located moderate distances from the hub, indicating
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that those originating neither too far nor too close from the hub are prone to be convinced by subsidy.
Locations of the three classes of shippers are not distinctly separated because the distance from the hub
is not the only factor that affects their choices. Other factors in play include the proximity to feeder
ports, demand volume, and value of time of each shipper. The figure unveils that the subsidy directed
to the “grey” shippers is unproductive because they will choose intermodal routes anyway. This finding
implies that a location-dependent subsidy scheme can be potentially more cost-effective. For example,
one can apply subsidies only to shippers originating within a certain distance from the hub port. Another
possibility is nonlinear schemes, where the subsidy rate per TEU per km decreases with the total
waterway travel distance. Such a scheme can reduce the subsidy directed to those “grey” shippers.
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Figure 5. Origin locations of three classes of shippers

Figure 6 compares the container throughputs of eleven feeder ports under the no-subsidy scenario
and the three optimal subsidy schemes. The other three feeder ports are excluded because their
throughputs are 0. The figure shows that subsidy schemes significantly improved the throughputs of five
ports: Zhongshan, Xiaolan, Huangpu, Hongwan, and Shenwan. Their locations are marked in Figure 5.
It turns out that the five ports exhibit some common properties. First, they are located neither too close
nor too far from the hub. And second, each of them is located adjacent to some “blue” or “grey” shippers,
who switch from road-only or other feeder ports to that feeder port under the subsidy. Distinct schemes
have largely different effects on three of the five ports, Zhongshan, Xiaolan, and Huangpu. For example,
Zhongshan gains the maximum throughput growth under the fixed-rate scheme, while Xiaolan is the
biggest winner under the distance-based scheme. This is because Xiaolan is located 33km (24%) farther
from the hub than Zhongshan. A longer waterway link is likely to attract more shipping demand under
a distance-based scheme. Finally, although the general scheme outperforms the two special ones in terms
of the total intermodal share, special schemes may produce greater throughputs for a specific feeder port
(e.g., Huangpu and Zhongshan). The above findings unveil how complicated the port competition under
a subsidy scheme could be.

4.3.3 Sensitivity analysis

The optimal solutions presented in Table 4 imply that an arbitrarily settled budget B could be
redundant. To see how B affects our objective, we let B vary from 0 to $4.0 x 108, Figure 7 plots
the optimal intermodal split (in terms of the percentage of the total demand) against B under the
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general scheme as the dark blue curve. The non-decreasing trend of the curve is consistent with Property
1 in Section 2.4. In addition, the figure shows that the intermodal split grows at a decreasing pace as
the budget increases. For example, the intermodal split grows sharply from 30% to 39% (i.e., a 9%
increase) with an additional budget of $7.05 x 107, but it would require another additional budget of
$2.05 x 108 to attain the next 9% increase (i.e., from 39% to 48%); see the illustration by the dashed
light-blue lines. The reason is simple: when the subsidy rates are increased to attract more shippers (i.e.,
the white dots in Figure 5), those who presently choose intermodal routes will also receive greater
subsidies. This renders converting every new shipper to intermodal routes increasingly expensive.
Similar trends were observed for the two special schemes; see the red dashed curve (which largely
overlaps with the dark blue curve) and the black solid curve in Figure 7. When the budget increases, the
intermodal split under the distance-based scheme grows even slower than under the other two schemes.
This is because when the distance-based subsidy rate increases, a subsidized shipper would reap more
profits due to both the higher subsidy per km and a longer waterway link to which it would switch.
Thus, an even greater subsidy expenditure is needed to convince new shippers. Note that this is
consistent with the finding in Section 3.2.2.
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Figure 6. Intermodal freight volume at the feeder ports

Another parameter that may significantly affect the effectiveness of a subsidy scheme is the
shippers’ values of time. For simplicity, we now assume all the shippers have the same value of time
and let it vary from 0 to 15 $/TEU/h. The budget is fixed at $1.02 x 108. Figure 8 plots the optimal
intermodal share under the general scheme against the value of time as the blue curve. As expected, the
intermodal share drops from 55% to 19% as the time value grows since waterway transport is much
slower than road travel. Figure 8 also plots the intermodal share increase incentivized by the subsidy as
the black curve. The curve shows that when the value of time is low (< 2 $/TEU/h), the subsidy is
ineffective because many shippers will choose the intermodal routes even without subsidy, despite the
longer travel times. As the shippers become more time-sensitive, the subsidy’s effectiveness first
improves and then declines; see the black curve. It improves first because more shippers choosing the
intermodal routes do so only if they can be compensated by the subsidy. However, as the value of time
grows beyond 12 $/TEU/h, nearly all the intermodal shippers are induced by the subsidy; i.e., no shipper
would choose intermodal routes if no subsidy is provided. Thus, the black curve starts to decline
together with the blue one. The above results suggest that the government should direct the subsidy to
cargos with medium time values. Low-time-value cargos like mineral products will choose waterway
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transport even without subsidy, while subsidizing high-time-value cargos like perishable food products
would be too costly to be effective.
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Figure 7. Sensitivity of the intermodal split to the subsidy budget

4.4 Comparison between intermodal split maximization and emission minimization

For simplicity, we use medium-sized container ships with a capacity of 600 TEU. The lightweight of a
truck is g7 = 14 tons (Hilgers and Achenbach, 2021), and the lightweight of a container ship is qy; =

5000 tons, Vj € ] (Wen et al., 2017). We further assume the average weight of a 20-foot container is
17 tons (Wang et al., 2021). The emission rates are set to e; = 145 g/ton-km for road transport and
e, = 8.5 g/ton-km for waterway (NTM, 2020). We let B vary from 0 to $1.4 x 108. Other parameter
values are the same as in Section 4.1. The emission minimizing program [M6] is similarly solved as
presented in Section 3.1.

Figure 9 plots the CO, emissions against budget B for solutions under the two objectives as the
dashed and solid blue curves, respectively. Comparison unveils that the gap between the two curves is
capped by 5%, and is especially small (i.e., < 0.7%) for B < $8 x 107. This result indicates that the
two objectives are well aligned in terms of CO, emissions, especially for lower budget levels. Moreover,
the differences between the intermodal shares under the two objectives are also small, i.e., less than
0.6%; see the dashed and solid black curves in Figure 9. Thus, maximizing intermodal split is an
acceptable objective, even if the government’s primary goal is reducing emissions. Governments may
prefer maximizing intermodal split to minimizing CO, emissions for two reasons. First, in addition to
reducing CO, emissions, some governments may desire to mitigate roadway traffic congestion. And
second, the intermodal split can be more accurately measured, while the estimation of CO; emissions
is often subject to multifarious uncertainties (McKinnon, 2007). Using an easy-to-measure objective
can help the government better understand the effectiveness of an implemented subsidy scheme.
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Figure 9. Comparison of the two objectives

4.5 Profitability of the optimal subsidy scheme in view of carbon trading

We further examine the cost-effectiveness of optimal subsidy schemes in view of carbon trading. Figure
10 plots the monetary value of the CO, emission saving minus the subsidy expenditure (i.e., the net
saving) against the budget. A carbon price of $71/ton is used.* The optimal subsidy schemes were
obtained by maximizing the intermodal split (minimizing CO, emissions would produce similar results).
The figure shows that the net saving of the optimal scheme is not a monotonic function of the budget.
This is reasonable since the net saving is the difference between the monetary value of CO; emission
reduction and the subsidy expenditure. Although the emission reduction and the expenditure both
decrease with the budget, their difference is not necessarily so. On a coarse scale, the net saving
generally declines as the budget grows. Thus, setting a large budget (i.e., B > 6.96 X 107 $ in our

# This is the carbon price used by the European Union; see EMBER (https://ember-climate.org/data/carbon-price-

viewer/). We use this price instead of the Chinese carbon price because the latter was considered to be significantly
underestimated (Tang et al., 2020). In contrast, the EU price is determined by the EU Emission Trading System,
which has been operating for over 10 years with a proven track record.
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case) would not be profitable and financially sustainable.® A maximal intermodal shift (compared to
the no-subsidy scenario) of 7.92% is achieved when keeping a nonnegative net saving. This is attained
when the budget exceeds $3.07 x 107.
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Figure 10. Net savings of the subsidy program measured by the carbon price

5. Conclusions

This paper examines the optimal subsidy design problem for promoting the utilization of regional
waterways. We used a linear subsidy scheme and formulated a bilevel model to maximize the intermodal
transport share and minimize the subsidy expenditure, accounting for the interactions between the local
government and individual shippers. The nonlinear model was linearized and solved by CPLEX. We
further developed more efficient algorithms for solving the optimal design of two commonly-used
special schemes: one where the subsidy rate is fixed and the other where the rate is proportional to the
travel distance. Compared to CPLEX, these latter algorithms can save 80-99% of the computation time.
This advantage renders them especially suitable for solving larger-scale problems. They also unveiled
useful insights into the government’s choice of subsidy schemes, which were verified by our numerical
case studies. For example, the distance-based scheme tends to cost more than the fixed-rate one when
the number of subsidized shippers increases. Hence, the fixed-rate scheme may be more cost-effective
under a limited budget.

Our case study of the PRD region revealed that a 16% increase in intermodal split could be realized
by implementing a subsidy consisting of a fixed rate 0f 20.27 $/TEU plus a distance-based rate of 0.011
$/km/TEU. A closer look into the shippers’ mode choices unveiled that the subsidy only affected the
shippers originating within a medium range of distances from the hub port. Thus, location- or area-
dependent schemes and nonlinear distance-based schemes can potentially be more cost-effective.
Further analysis showed that the subsidy was the most effective for goods moderately sensitive to the
travel time (see Figure 8). This also implies that offering differentiated, cargo-type-based subsidy rates
would be better. These more sophisticated schemes will be explored in future research.

Our comparison between two commonly-used objectives, maximizing the intermodal split and
minimizing the greenhouse gas emissions, unveiled that the two are highly aligned. This finding

> However, to achieve carbon neutrality, governments often value the CO, emission reduction higher than its
monetary value.
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justified the validity of using the former objective in policy-making.

Our models can benefit the local governments by assisting them with subsidy policy-making. For
example, the models can produce results similar to Figure 7, which can help determine the appropriate
budget for a target intermodal split. On the other hand, subsidizing waterway transport would inevitably
hit the trucking industry. To reduce the negative impacts on trucking companies, the government can
provide incentives to redirect trucks to serve the links between shipper origins and feeder ports or
regions not served by waterways.

Admittedly, the models presented in this paper have several limitations. For example, the simplified,
cost-based model for shippers’ mode and route choices failed to capture the effects of other factors such
as the procurement process, safety, and business preferences. A more sophisticated choice model, e.g.,
a logit model, can be incorporated to account for these factors. In addition, our simple cost functions
can be revised to include more realistic features. For example, the port handling fee can be estimated as
a function of the container volume (Wang and Pallis, 2014), given that more operational data are
available. Costs related to potential port congestion can be included as well. Our future research will
focus on these directions.
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