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Abstract
This paper addresses the strategic planning issue of ports in an inland river corridor with
location-dependent waterway depths, which determine the maximum navigable ship sizes
deployed in ports. A vertical-structure model is proposed to capture the interrelationships
among port operators, carriers, and shippers. The shippers, who are assumed to be
continuously distributed along the inland river corridor, choose transshipment ports to
minimize their own full transport cost from origin to destination. The carriers aim to
maximize their own profit by determining waterway freight rates and ship fleet (in terms of
ship size and number of ships). The port operators determine port capacity and port service
charge to achieve their own objective, depending on the port market structures adopted, i.e.,
coordinated vs. independent regime. Under the coordinated regime, the central government
aims to maximize total social welfare of the entire inland river system. Under the independent
regime, each local government along the inland river corridor maximizes the local social
welfare of individual port inside its jurisdiction. The properties of the models with different
regimes are analytically explored. Our study develops a comprehensive model that can be
used to analyze the investment and regulatory decisions for an inland river shipping corridor
composed of multiple heterogeneous ports. The modelling results suggest that local
governments have a tendency to overinvest port capacity beyond system optimum. Therefore,
in the choice of regulatory regimes, one needs to balance the costs of regulation vs. the
avoidance of excessive investments under central government intervention. Findings specific

to the Yangtze River inland shipping corridor are also provided.

Keywords: Inland waterway transport; waterway depth; strategic investment; port operating

regime.
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1. Introduction

1.1. Background and motivation

The Yangtze River of China is the world’s largest inland waterway in terms of cargo volume.
This “golden waterway” links the country’s important inland cities to its major export hubs
located in the east coast, playing a crucial role in domestic and international trades. In 2017,
the regions along the Yangtze River accounted for 40% and 38% of the national Gross
Domestic Product (GDP) and population, respectively (Jiang et al., 2018).! Hence, strategic
planning of the inland ports along the Yangtze River is of great importance for the regions

along the corridor as well as the national economy.
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Fig. 1. Major ports and waterway depths along the Yangtze River of China.

There are some major inland river ports along the Yangtze River, such as Nanjing port, Wuhan
port, and Chonggqing port, as shown in Fig. 1.> The waterway depth decreases in order from
the downstream port to the upstream port, a pattern commonly observed in other inland
shipping markets such as the Mississippi river (Tan et al., 2015). Specifically, the waterway
depth between Shanghai port and Nanjing port exceeds 10.5 meters. It declines to 5.0 meters
and 3.0 meters on the waterways between Nanjing port and Wuhan port, and between Wuhan
port and Chongqing port, respectively. Together with the height restrictions imposed by
bridges over the Yangtze River, the different waterway depths lead to heterogeneous shipping

capabilities along the river. Seagoing ships with a capacity up to 10,000 tons can navigate

! The Yangtze River passes through eight provinces and two municipalities directly under the Central Government, which
include Sichuan, Chonggqing, Hunan, Hubei, Anhui, Jiangxi, Jiangsu, and Shanghai.
2 http://www.cjhdj.com.cn/hdfw/ydssjh/202003/t20200326_118342.shtml.
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directly to Nanjing port, but cannot sail further to upstream ports, such as Wuhan and
Chongqing ports. The maximum navigable ship size at a downstream port is thus often larger
than that at an upstream port. Because ships with a larger size usually have a lower variable
operating cost but a higher fixed operating cost per unit of cargo, the operating costs of
carriers in the Yangtze River are influenced by the waterway depth. This is an important
characteristic of inland river shipping and port operation. The present paper accounts for the
ship fleet decisions (including ship size and number of ships) of each carrier due to varying
waterway depth constraints along the inland river corridor. This is a more realistic and general
approach compared to previous inland river shipping studies such as Sauri (2006), Radmilovi
et al. (2011), Witte et al. (2012, 2014) and Tan et al. (2015, 2018), which did not consider the

effects of waterway depth on fleet decisions.

The rapid growth in cargo volume in the past decade has led to serious congestion at some
major inland river ports. For instance, the design capacities of Nanjing port, Wuhan port, and
Chongqing port are 200, 95.02 and 96.70 million tons per year, respectively. However, in
2020 the actual throughputs of the three ports already reached 251, 105, and 165 million tons,
respectively.® This leads to severe port congestion, which is expected to get even worse in the
future with continuing growth in cargo volume. Port stakeholders, such as port operators,
carriers and shippers, have quite different reactions to port congestion (Meng and Wang,
2011). For port operators, popular approaches to alleviate port congestion include port
capacity expansion and port service charge increase (i.e. supply increase vs. demand
management). In response to the congestion alleviation strategies of port operators, the
carriers may also adjust freight rates and thus the cargo demand. They may also change the
deployment of ships at ports to improve transport throughputs and service quality. Shippers
also play active roles in determining market equilibrium by choosing transshipment ports to
minimize their own full transport cost from origin to destination. In summary, all these
stakeholders’ interrelated decisions have significant impacts on the market outcome, and

should be explicitly considered when modelling long-term development plans.

Ownership and institutional factors are important factors in port operation. The ports along
the Yangtze River are currently managed by local governments, who consider ports as a driver
of the local economy. They may adjust service charge and capacity to ensure that their own

ports are well-positioned in the competition. In addition, the central government also

3 https://www.mot.gov.cn/tongjishuju.



establishes a special administrative institution named “Changjiang River Administration of
Navigational Affairs (CRANA)”, which coordinates the operations of all ports along the
Yangtze River in an integrated manner. The CRANA’s responsibilities include making
strategic development and investment plans of the river waterway system, overseeing water
safety, operations and management of information and rescue systems, and enforcement of
waterway law (Jiang et al., 2018). Under the mandate of the central government, CRANA
aims to maximize the total social welfare of the inland river corridor system by coordinating
port service charges and capacities of all ports in the river system. Intuitively, such a “social
planner” approach would lead to socially optimal outcome at the national level. On the other
hand, it is well-known that competition often leads to significant gains through efficient
services in the long term (Amsden and Singh, 1994; Blaug, 2001), whereas direct government
intervention often comes with regulatory cost. Therefore, it is important to evaluate and
compare the market outcomes under different management and market structures, such as
coordinated (centralized) management vis-a-vis independent (decentralized) local government
management. This study aims to achieve this objective by analytically model and compare

these alternative regimes.

1.2. Literature review

In the literature, a number of studies have investigated the strategic planning of ports. Table 1
summarizes some of the principal contributions to the modeling of ports in a continuum
corridor, notably the type of ports, demand distribution, number of ports, effects of waterway
depth, stakeholders, port operating regime(s), and decision variable(s). Table 1 shows that the
previous studies have mainly focused on seaports, with limited attention paid to inland river
ports for which the waterway depth and thus the maximum navigable ship size change with
port location along the river. That is, there are exogenously imposed constraints which
contribute to port asymmetry. Two exceptions are Tan et al. (2015, 2018), which nevertheless
did not consider the effects of location-dependent waterway depth on the decisions of
stakeholders in the corridor system. Moreover, only one or two ports were considered in
previous studies. Such a simplification could potentially limit the model applicability to

markets with multiple ports, such as the inland river shipping system along the Yangtze River.

As summarized in Table 1, previous studies usually assumed a uniform cargo demand

distribution along the river corridor. Such a strong assumption is useful for deriving
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Table 1 Principal contributions to modeling of ports in a continuum corridor.

Considering
Reference Type of .Del.nan.d Number of effects of Stakeholders Port operating regime(s) Decision variable(s)
ports distribution ports waterway concerned concerned
depth
Coordinated and .
. . Port service charge and
Basso and Zhang . Port operator, independent private . .
Seaports Uniform Two No . . . capacity, waterway freight
(2007) carrier and shipper operations, central rate
government
Kaselimi et al. Seaports Uniform Two No Port op.erator and Independent local Port service gharge and
(2011) shipper governments capacity
Homsombat et al. Seaports Uniform Two No Pprt operatpr, Independeqt private Port service charge and
(2013) carrier and shipper operations waterway freight rate
Zerny et al. Seaports Uniform Two No Port oplerato‘r and Independent private and Port service charge
(2014) shipper local governments
Tan et al. (2015) Inland river Uniform One No Port op.erator and One private operator Port service gharge and
port shipper capacity
Coordinated and
Alvarez-SanJaime Seaports Uniform Two No Port op.erator and 1ndepepdent private Port service charge
et al. (2015) shipper operations, central
government
Central and independent
Wan et al. (2016) Seaports Uniform Two No Port operator and ’local governments, Port service cha.rge and
shipper independent private road capacity
operations
Inland river . Port operator and . .
Tan et al. (2018) Exponential One No . One private operator Port service charge
port shipper
Xing et al. (2018) Seaports Uniform Three No Port operator and Independent local Port service charge
shipper governments
Trujillo et al. . Port operator and . Coordinated gnd Port service charge and
Seaports Uniform Two No . independent private .
(2018) shipper . capacity
operations
This paper Inland river Exponential, Any N Yes Port operator, Coordinated and cfc;rctifer:;;tee‘r:\l:/zrgi‘ri?dh ¢
pap ports Uniform y carrier and shipper  independent governments pactty, yfreig

rate and ship fleet




closed-form solutions. However, the heterogeneity of cargo demand by port location cannot
be considered with this simplification. In reality, the cargo demand distribution along a river
corridor may depend very much on the geographical locations of inland ports, population size

and socio-economic development of inland port cities.

In addition, the existing studies usually considered only two stakeholders (i.e., port operator
and shipper), with the role of carrier largely ignored. This may introduce distortions in
modelling results, because carriers’ choices of ship fleet and waterway freight rate can
significantly affect the decisions of port operator and shipper. There is indeed a need to
explicitly consider the interactions among port operator, carrier and shipper, such that the

models developed can capture the intrinsic characteristics of the river corridor system.

1.3. Problem statement and contributions

In view of the aforementioned industry needs and research gaps, this paper investigates the
strategic planning problem of the ports along an inland river corridor. We consider a linear
inland river corridor connecting a destination port with some major upstream ports, as shown
in Fig. 2. For ease of presentation, these ports are numbered as O, 1,..., i,..., N, where i
denotes a port, and “i = 0” denotes the destination port (e.g., Shanghai port which handles
many transshipments). There are two alternative routes to the destination port for the cargo
demand originating at any location x between adjacent ports i and i+1, i.e., Routes I and II.
For Route I, the cargos are first transported to downstream port i via road transport and then
to the destination port via waterway transport. For Route 11, the cargos are first transported to
upstream port i+1 via road transport and then to the destination port via waterway transport.
The choice of shipping route is an important decision for each shipper in minimizing the full

transport cost from origin to the destination.
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Fig. 2. Port configuration and route choice in an inland river corridor.
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There exist three types of stakeholders in the inland river system: shippers, carriers and port
operators. The vertical-structure relationships among them are shown in Fig. 3, and are
explained as follows. The shippers are modelled to be continuously distributed along the
inland river. They choose the intermodal chain or route (hinterland transport plus
transshipment port) to minimize their own full transport cost. The carriers compete for cargo
demand, with an objective to maximize their individual profit by determining the waterway
freight rate and the ship fleet (in terms of ship size and number of ships). The port operators
provide port services to carriers, and set port service charge and port capacity to achieve their
own objective, depending on the port operating regimes adopted. In this paper, we consider
two kinds of port operating regimes, namely the coordinated (or centralized) regime vis-a-vis
the independent (or decentralized) regime. Under the coordinated regime, all ports along the
inland river are controlled by the central government, with an objective of maximizing total
social welfare of the entire inland river system. Under the independent regime, each port
along the inland river is operated by the corresponding local government that aims to
maximize the local social welfare within its jurisdiction. The different stakeholders’ objectives

and the vertical structure are presented in Figure 3.

Port operators
(Coordinated / independent regime)

Objective: maximizing social welfare of the system or its own port
(Decision variables: port service charge and capacity)

i v

Competitive carriers
Objective: maximizing net profit of each carrier
(Decision variables: waterway freight rate and ship fleet)

t v

Shippers
Objective: minimizing full transport cost from origin to destination

(Decision variable: route choice)

Fig. 3. Vertical-structure relationships among shippers, carriers and port operators.

The main modelling contributions of this paper are twofold. First, in terms of methodology a
vertical-structure model with a general specification of cargo demand distribution and the port
congestion is proposed, which models the determination of port service charge and capacity,

waterway freight rate, and ship fleet (ship size and number of ships) for multiple ports of an
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inland river system. The interactions among different stakeholders, including port operators,
carriers and shippers, are explicitly considered. The ship size is confined by the
location-dependent waterway depth. Overall, our model is more comprehensive and considers
a more general and realistic inland shipping market. Such a framework allows us to
investigate complex issues for inland shipping. For example, different port operating regimes,
including coordinated (centralized) and independent (decentralized) regimes, are investigated
and compared. The properties of the models with different operating regimes are analytically
explored, notably for the case of uniform cargo demand distribution and no port congestion.
The interrelationships among some key parameters or factors, such as waterway depth, port
service charge, port capacity investment, waterway freight rate, and port operating regimes,
are also explored, together with their implications in practice. Second, this study provides
some important managerial and regulatory insights. For example, we have shown that the
optimal capacity expansion of each port under the independent regime is always larger than
that under the coordinated regime. This is because each independent government needs more
port capacities to compete for hinterland cargo market with rivals. This conclusion may have
very important implications for inland port investment and choice of regulation schemes.
Regulation always comes with costs (e.g. regulation costs associated with tax collection,
administration etc.). When the cargo demand along the inland river is expected to grow
substantially in coming years, limited over-investments may not be a major problem. In such
a case, encouraging competition is a preferred solution than central management /
coordination. However, if market growth is expected to be limited in the years to come,
regulation cost is a less important issue compared to wastes caused by excessive investments.
In such a case, centralized regulation/coordination may be a preferred choice. Because such
results are obtained under general modelling assumptions, they should hold for inland river

shipping in general.

The rest of the paper is organized as follows. Section 2 describes some basic components of
the proposed models, including model assumptions, full transport cost, and cargo demand
density. The vertical-structure models with general specifications of cargo demand
distribution, number of ports and port congestion under coordinated and independent regimes
are presented in Section 3. Section 4 discusses the solution properties of the models for a
special case with uniform cargo demand distribution and no port congestion. In Section 5,
numerical examples are used to illustrate the properties and applications of the proposed

models. Section 6 draws conclusions and offers recommendations for further studies.
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2. Basic components of the models

2.1. Assumptions

To facilitate the presentation of the essential concepts without the loss of generality, the

following basic assumptions are made in this paper.

Al

A2

A3

A4

The inland river is considered as a linear continuum transport corridor (Li et al., 2012;
Tan et al., 2015). The cargos (or equivalently, shippers) are assumed to be continuously
distributed along the continuum corridor and they can be only transshipped at most once.
For simplicity, each port is assumed to have only one carrier or one carrier alliance (e.g.,
Meng et al., 2012; Wang et al., 2014a; Sheng et al., 2017), who decides on the ship type
and the number of ships adopted and the waterway freight rate to maximize its own profit.
All shippers in a port are assumed to have the same preferences, i.e., the same transport
cost function and the same value of time (Tan et al., 2015; Wan et al., 2016).

The transport cost per unit of cargo consists of the transport time cost (port congestion
delay cost, in-transit time cost for road / waterway transport) and the monetary cost for
road / waterway transport. The marginal cost of road transport is assumed to be
exogenously given, as assumed in Tan et al. (2015) and Dai et al. (2018).

The port capacity is influenced by the equipment of handling cargos, such as cranes for
loading and unloading cargos, scrapers for moving cargos, and warehouse of storing
cargos (Tan et al., 2015). Port congestion delay depends on the total cargo volume and the
capacity of that port, and is assumed to be a linear function of the ratio of cargo volume
to port capacity (Wan et al., 2015; Basso and Zhang, 2007; Sheng et al., 2017; Wang and
Meng, 2019).

2.2. Full transport cost of shippers

As shown in Fig. 2, there are two alternative routes (i.e., transshipping via downstream or

upstream port) for each shipper at any location x between adjacent ports i and i+1 to transport

his/her cargos to the destination port. Let ¢;(x) and c,,(x) be the full transport cost per

unit of cargo (e.g. per TEU container handled) from location x to the destination through

transshipping the cargos at downstream port i and upstream port i+1, respectively. According

9



to A3, the full transport cost, ¢;(x), consists of the time cost (port congestion delay cost,

in-transit time cost for road / waterway transport) and the monetary cost for road / waterway

transport, expressed as
c,(x)=cf(x)+g,+pD,+o.t,D, (1)

where the superscript “R” represents the road transport. ¢(x) is the road transport cost from
location x to port i. g, is the congestion delay cost of port i due to imbalance between
demand and supply. p, is the waterway freight rate per unit cargo (e.g. per container or one
ton of cargo) per unit of distance charged by carrier i, and D, is the sailing distance between
port i and the destination port. p,D, is thus the total monetary expenditures paid to carrier
i. a, is the value of waterway transit time perceived by shippers. ¢ 1is the voyage time per
unit of distance for the ships in port i. The term o,¢,D, is thus the voyage time cost per unit

of cargo from port i to the destination port. For the convenience of readers, all variables and

parameters used throughout this paper are defined in Appendix A.

In Eq. (1), the road transport cost, ¢, (x), from location x to downstream port i is composed
of a distance-based road freight rate and a corresponding transit time cost, defined as
cf(x)=cf(x-D)+o,tf(x-D,), ()
where x—D, is the road transport distance. ¢* is the road freight rate of one container (or
one ton of cargo) per unit of distance, which can be obtained from industrial statistical data.

o, is the value of road transport time. # is the road transport time per unit of distance.

The voyage time cost, o,¢,D,, from port 7 to the destination port depends on the ship size

because different types of ships (or ship sizes) usually have different voyage speeds. Some

empirical studies have shown that average voyage time ¢, per unit of cargo and ship size V,

have a relationship of power or linear function (see Xing et al., 2016; Brown and Aldridge,
2019). Moreover, it is widely recognized that scale economy effects exist between voyage

time ¢ and ship size V. To reflect the scale economy effects, the average voyage time ¢,

per unit of cargo is defined as

=AM, with 6™ < <™ a0, >0, 3)
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where A, is a positive parameter for describing the relationship between the ship size of a

port and its voyage time. A, measures the scale economies of the voyage time per unit of

cargo about the ship size. ™ and ¢

i

max

are, respectively, the lower bound and upper bound

of voyage time ¢, which are used to guarantee safe navigation between ships. For example,

min
ti

al., 2015).

and ™ in the Yangtze River are, respectively, set as 0.04 h/km and 0.13 h/km (Fan et

Ship size ¥, to be deployed at port i is related to the waterway depth of that port. It cannot

exceed the maximum navigable ship size, V™, of port i, which is confined by its waterway

1

depth H,. Without loss of generality, the relationship between V™ and H, is specified as

Vimax =N H i (4)
where m is a positive parameter for describing the relationship between maximum navigable

ship size of a port and its waterway depth.

The congestion delay g, of port i generally decreases with its capacity or throughput, but
increases with its total cargo volume. According to A4, it can be expressed as

_ %0,
&= > Q)

1

where o, is the value of port congestion time perceived by shippers. K, is the design

capacity of porti. Q. is annual actual total cargo volume of port i, defined later.

In light of the above, c¢;(x) in Eq. (1) can be rewritten as

c,(x)=(c*+o,t])x—D,) +a12{—Qi+ (p; + o,k VD, (6)

1
i

Similarly, the full transport cost, ¢, ,(x), for transshipping the cargos via upstream port i+1

can be expressed as

_X)+%+(pi+l + G’B;\‘OVH;M )D,,,. (7

1

Cip(x) = (c" + O‘lt(l)!e (D

i+l
i+l

2.3. Cargo demand density
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Cargo demand is generally sensitive to the waterway freight rate and the port service level. In
literature, a negative exponential elastic demand density function is usually adopted to model
the cargo demand elasticity (see e.g., Zlatoper and Austrian, 1989; Wang et al., 2014b; Tan et

al., 2018), which is also used in this paper. Let g,(x) be the annual density of the actual

cargo demand originating at location x and transshipping at port i, expressed as

q,(x)=q"(x)exp(=Ec,(x)), x€[S,,S], (8)
where ¢°(x) is the annual potential cargo demand at location x. As ¢°(x) is a constant, e.g.,
¢’ (x) =q,, the potential cargo demand along the inland river corridor follows a uniform
distribution. & is the demand elasticity for measuring the sensitivity of cargo demand with
respect to the full transport cost per unit of cargo. The larger the value of &, the smaller the
actual cargo demand, and vice versa. In particular, as & equals 0, cargo is insensitive to the
full transport cost per unit of cargo, meaning that the actual cargo demand equals the potential

cargo demand. [S_,S,] is the catchment (or hinterland) area of port i on the inland river,

which will be defined later.

3. Model formulation

In this section, we present a general model with general specifications of cargo demand
distribution, number of ports and port congestion. As previously stated, the relationships
among stakeholders in the inland river system can be represented as a vertical structure, in
which the port operators determine the port service charge and port capacity to maximize the
total (or local) social welfare under the coordinated (or independent) regime; the carriers set
their own waterway freight rate and ship fleet responding to the waterway depth, port
operators’ service charge, and shippers’ cargo demand distribution; and the shippers choose
the transshipment port or route to minimize their own full transport cost. In the following, we
formulate the interrelated decisions of these stakeholders one by one, beginning with the

shippers’ decisions.

3.1. Full cost minimization problem for shippers

1

Shippers at any location xe[D,,D,,,] of the corridor may choose to transship at downstream

12



port i or upstream port i+1, depending on which port leads to the lowest full transport cost. At
the equilibrium state, there exists a watershed or indifference location between ports 7 and i+1
such that the full transport costs via the downstream and upstream ports are equal. In order to
ensure that each port has the cargo demand, the watershed location should be in between ports

iand i+1. Let S, represent the watershed location between ports i and i+1, measured by the
distance of the watershed location from the destination port location 0. S, can be determined
by letting ¢,(S,)=c,,(S;) for any i=0,1,---,N—1 and S, can be calculated by letting
cy(Sy)=>b, where b denotes the maximum acceptable full transport cost (or willingness to
pay) for shippers.

Full transport cost

/-

Ly L; '
- I . rL e N e rL ) ! A ) 0O
- N\ N\ S N\ N\ Ny N\
Sn Dy Sva Dwni Dist S D; Sii Dyt D2 S D So Do

Fig. 4. Catchment areas of ports along the inland river corridor.

For illustration purpose, Fig. 4 shows the catchment (or hinterland) area [S,,_l, S,-] of any port

i along the inland river. Beyond Sw (i.e., the upstream watershed location of port &), there are
no shippers who would like to use water transport due to excessively high full transport cost
(i.e., higher than willingness to pay). Beyond So (i.e., between So and Do), shippers choose a

pure road system to transport directly their cargos to the destination port.

Based on Egs. (6) and (7), and the indifference conditions of the watershed locations
(¢,(S)=¢.,,(S),i=0,1,2,---,N—1 and ¢, (S,)=>~), one can obtain the expression for the

indifference location S, as

D, +D,, 1 0,0, a, - =y .
el NN Sl oV D, —(p 4+ a VD, |, i=0,1,2, N1,
¢ 5 2(0R+(1]t§)[ K. K, (P + 03V Dy = (p; + ok V) D, (9)
D, +b_(pt\£ ::(137“012{)” )Dy -— OLZQZ Li=N.
¢ +ayty) (c" +outy )K,,
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Let L, be the length of port i’s catchment area [S,,S],ie., L =S,—S,_,.Itis given as

0,0, 20,0 0,0, Y
a—D. 1 it (Pt oAV D, X
e —— —| Kin K, K ,i=1,2,-,N—1, (10)
2 2(c” + oty ) 5 5
L= =2(p; + ok V" )D +(py oAV D

D

N

-D,_ 1 30,0,  @,0,_ o - .
b =t 2(cF +(xll(f)[2b_ KZN o+ 12<wi1 F=3(py + oAV Dy + (P F kY )DNIJ’ i=N.

Once the catchment area of each port is determined by Eq. (9), one can then determine the

total cargo volume of port i, denoted as Q,, based on Eq. (8), as follows:

D, s,

0 =] g+ [ q (v (1)
Obviously, the expression of O, depends on the potential cargo demand distribution ¢°(x)
and the port congestion (see Eq. (5)). For a general form of ¢°(x) and the port congestion
case, it is difficult to derive a closed-form expression of Q,. However, for a special case with
a uniformly distributed potential cargo demand (i.e., ¢’(x)=g,) and no port congestion, one

can derive the analytical expression of Q. in terms of Egs. (9), (10) and (11), as follows:

9 exp<_E;Di (p,+ QS}\’OI/;}LI ))
[ E(c" +ayty)

(2-exp(-&(c" +a gD, = S,,))—exp( & +ou XS, - D)), (12)

where
Di +Di+l + (le _i—(x‘3}\‘01/;+17)‘1 )Di+1 _(pi +<X‘3}\‘0V;7>LI )Dl i=0.1.2.--- N—-1
2 2(c® + o) ’ T ’
S, = . (13)
D, + b—(py ‘;as?‘oVRN Dy Li=N.
(c"+oty)

It can easily be shown from Eqgs. (12) and (13) that as the ship size V, increases, the total
cargo volumes, O, and Q,,, of port i itself and its adjacent upstream port i+1 increase, the
total cargo volume, @, |, of its adjacent downstream port i-1 decreases, whereas the total

cargo volume for each of the non-adjacent ports does not change.

3.2. Profit maximization problem for carriers

The carriers aim to maximize their own net profit by determining waterway freight rate p,

of one container (or one ton of cargo) per unit of distance, ship size ¥, and number of ships
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n,. Let y be the average load factor of ships, and ®, be the number of times that the ship
V. visits port i per year (or frequency). Then, the total cargo volume of port i per year is
O, =ynoV,. Hence, once V, and Q, are given, n, can then be immediately determined by

n, = Q,/yw,V,. Thereby, the carriers actually need to determine the variables p, and V.

Let ' be the net profit of carrier i. It is the difference of total revenue minus total ship

operating cost and total ship acquisition (or capital) cost. The superscript “c” represents the

variables associated with carriers. The ship operating cost generally depends on ship size V,

(Merika et al., 2019). For simplicity, we assume that the ship operating cost per container per

unit of distance is a linear decreasing function of ship size V,, i.e., f,—f,V,, where f, and
f, are the fixed and variable components of the operating cost per container per unit of

distance, respectively. The total ship acquisition (or capital) cost for a ship fleet is a function

of ship size V, and number of ships #,, i.e., f,(V;)n,, where f,(V;) is the capital cost per
ship, and is assumed to be a linear increasing function of ship size V, (see Hawdon, 1978),
ie., f,+f,V,, where f, and f; are the fixed and variable components of the acquisition

(or capital) cost per ship, respectively. The profit maximization problem for the carriers with

p; and V, as decision variables can then be represented as

max nz('C) (pi’Vi) = piDiQi _TiQi _(fo _flVi)DiQi _(fz +f3Vi)”ia (14)
stV <y (15)

where the total cargo volume (), served by carrier i is given by Eq. (11). p,D, is the total

revenue of carrier i carrying one container from port i to the destination port, which is paid by
the shippers. 1, is the port service charge per container paid to port operators. The first term
on the right-hand side of Eq. (14) is the total revenue, the second term is the total port service
charges, the third term is the total ship operating cost, and the last term is the total ship
acquisition (capital) cost. Constraint (15) is the upper-bound constraint of ship size, which
ensures that the ship size adopted by carrier i does not exceed the maximum navigable ship

size at port i due to the restriction of waterway depth.

From the optimality conditions of the above profit maximization model (14), we have
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(¢)

Lemma 1. (i) Given the ship size V;, the profit function m; is concave with respect to the

waterway freight rate vector P = (pj,j = 1,2,...,N), which is given by the following system

of equations
4
2-&(p,D; =1, -8,)- P - r - =0,j=1,2,N-1,
d—exp(—&(c" +a ) )D, =S, ,))—exp(=E(c" + a1 XS, - D))
R R 16
P E(p.D, 1. —5.) 4+2exp(~&(c +a1to)(SN—DN))7O’j:N’ (16)

- 4—exp(—§(cR +(x1t§)(DN _SN—l)) -
LA
where 8, =(f,— VD, +——| =2+ f; |
‘ R O

(¢)

i

(1) Given the waterway freight rate p,, as the ship size V, increases, the profit =

Increases.

Lemma 1 can be proved by showing that the Hessian matrix H ,(n!”)) of objective function
(14) is negative definite with respect to the waterway freight rate p, and is positive definite
with regard to the ship size V,, respectively (see Appendix B for detailed proof). However,

H,(n'”) is indefinite with regard to p, and ¥, simultaneously. From item (ii), it can be

concluded that Eq. (15) must be a binding constraint, i.e. V, =V"™".

3.3. Social welfare maximization problem for port operators

As stated before, the port operators aim to determine the port service charge t, and the port
capacity K, so as to maximize the total or local social welfare, depending on the port

operating regimes adopted. In this paper, we consider two types of port operating regimes, i.e.
the coordinated and independent regimes. For the coordinated regime, all ports along the
inland river are operated by the central government, aiming to maximize the total social
welfare of the entire inland river system. For the independent regime, each port along the
inland river corridor is operated by its local government, with an objective of maximizing the

local social welfare of its own port.*

The social welfare maximization problem under the coordinated regime with 1, and K, as

4 In the definition of the local social welfare of an independent port, the consumer surplus is for the shippers who uses the
service of that port (see, e.g. Xiao et al., 2012; Wang and Zhang, 2018; Wang et al., 2020).
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decision variables is expressed as
N
co _ (©) (s) (p)
SW™"(z;,K,) = max Z(ni +m + ), (17)
i=1
where the superscript “CO” represents the coordinated regime. The superscripts “c”, “s”, and

“p” represent the variables associated with carriers, shippers, and port operators, respectively.

()

The net profit m;” of carrier i is given by Eq. (14).

In Eq. (17), ©!” is the consumer surplus of the shippers choosing port i to transport their

cargos, and can be calculated by

w0 = ([ e @dg e (g Jas, i=1.2.-.N, (18)

0

where ¢;(g) 1is the inverse demand function, given by Eq. (8).

Port investment costs consist of two components: port dredging investment cost and port
capacity investment cost. The dredging investment cost of waterways between ports is not
considered as a component of the port investment cost because the waterway dredging
projects are implemented by the central government (instead of the local government) through
using national finance (instead of the revenue from the port service charges) (Jiang et al.,

)

2018). The net profit of port operator i, denoted as =’ , can thus be calculated by

1P(5,K) = 1,0, By +BK) = (g +i,H,), =12, (19)
where H, is waterway depth of port i. 3, and B, are the fixed and variable costs of the
port capacity investment, respectively. p, and p, are the fixed and variable costs of the
port dredging investment, respectively. Fixed costs are those that do not change with traffic
volume, and include for example depreciation and insurance premiums on terminal buildings.
Variable costs are those that vary with traffic volume. They include, for example, costs for
equipments and labors. For more details about the fixed and variable costs classifications of
port investment, see for example Talley (2009). The first term on the right-hand side of Eq.
(19) is the total operating revenue of port operator i. The second and third terms, respectively,

represent the costs of port capacity investment and port dredging investment.

Different from the coordinated regime, the independent regime requires each port operator to

maximize its own local social welfare by determining the port service charge t, and the port
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capacity K, expressed as
SW”(x,,K,)=max n\” +n” +n'”, (20)

(¢) (

where the superscript “/D” represents the independent regime. w;”, T, )

9, and m” are given

by Egs. (14), (18), and (19), respectively.

4. A special case with uniform demand distribution and no port congestion

It is difficult to analyze the solution properties of the models with a general cargo demand
distribution function, as presented in the previous section. In this section, we discuss a special

case with a uniform cargo demand distribution ( ¢,(x)=¢,) and no port congestion.

Particularly, we focus on the cases of “N = 2" and/or “N = 3" so as to obtain some managerial
insights through deriving closed-form solutions. It is expected that the solutions for the
special case can serve as a reference or bound of the solutions for a general case with any

cargo demand distribution, any number of ports and port congestion.

4.1. Watershed location and port hinterland area

Under the assumption of the uniform cargo demand distribution (¢,(x) = g, ), for the case of N

=3, we can derive the indifference location S,,i=0,1,2,3, in terms of Eq. (9), as follows.

blatyqy) +2(a,q,) (" + ot (D, + Dy + D) + (0,9, (¢® +aty ) (5K, + 6K, +2K,)D, + (3K, +2K,)D, + K, D;)

Sy =p| +0,q,(c® + 0,12 Y ((6K K, +4K K, +4K,K,)D, +2K,K, D, ) +4(c* + 0,18 ) K, K, K (c* + ot + p)D, ,

+(0,q0)2(c* + ot )(SK, D, p, + 3K, D, p, + K, D, p,) +20,q,(c* + o, t5)? (3K, +2K,)K, D, p, + K, K, D, p,)

A + o)) K KK, ((® + oty (D, + D,)— Dyp, + D, pl)

+B(01,4,) (02, +2(c" + ot K, )+ 2ayq,)' (c* + 0ty D, + Dy + Dy)

S, =p| +0,q0) (c® + o tf)? (2K, +3K, + K,)D, + (4K, +3K, +2K,)D, + (4K, + K,)D,) ,
+o,q, (¢t +outf) ((6K,K, +2K K, +4K,K,)D, +(6K,K, + 4K K, + 2K,K,)D, +2K,K,D,)

+(0,q)2(* + 0t )(~2K,D,p, +3K,D, p, + K, D, p,) + 20,9, (c* + 1) (3K, + K,)K, D, p, + 3K, + K,)K, D, p, + K,K,D; p,)

20,9,(c* + ot (=K, KD, p, - 2K, + K,)K,D, p, + 2(K, +2K,)K, D, py) (21)
H0,g0)* (¢* + otR ) (2(K, + KD, + 202K, + 2K, + K;)D, + (4K, +8K, + K,)D;)

S, = p| +a,q,(® +atf) (2K, KD, + 4K, K, + KK, + K,K)D, +2(4K, K, + KK, +2K,K,)D;) ,
+b(0,q,) ((xzqﬂ +2(c® + o tOH(K, + 2K2))+ 4ba,q, (" + ot KK, +2(a,q, ) (c* + oyt )(D, + D, + D)

H(C® + oty ) KKK (€ + 0t )(Dy + D) = Dypy + Dypy ) +(0,0, ) (c* + 0ty -2K, Dy p, = 4K, Dy p, + K, Dy py)
4boy gy + ot (KK, + 2K, K, +2K,K,) +2(00,g,) (€* + 0,t5)(D, + D, + Dy)

+8(c” + oty ) KKK, (b+ (" + ety )Dy = Dypy )+ (0,g,)* (c* + 0,8y N(~2K, Dy p, — 4K, D, p, = 6K, D p,)

40,4, (" + oty ) (KK, D, + 2K, K, + K Ky + K,K,)D, ) +4ou,q, (¢ +outy)? (—K, K, D, p, —2(K, + K,)K D, py)
+D(01,,) 0y +2(c" + ot )(K, +2K, +3K,))+(0,,)* (" + o g ) (2K, D, +4(K, + K,)D, + 2(2K, +4K, +3K,)D,)

5

where
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p= (70, (® +0utg) +2(asq, Y (c* 0ty Y (SK, +6K, +3K,) +4a,gy (" + oty ) BK K, + 2K K, +2K,K,) +8K, K, K (c* + 0ty )4)’1 - (22)

The catchment area L,,i=1,2,3 for N =3 in terms of Eq. (10) can be expressed as

2b(0,4, )’ (¢® + o tK, +20,q,(c® + oty ) (=K, D, + 3K, + 2K,)D, + K, D, ) K,

+(azqo)2 (c® +0‘1t§)2 (=3D, +4D, +4D,)K, _7((*2‘]0)2(CR +aty KD p,

+(c® + o tf Y K KK, ((CR +o,t8)D, - 2D, p, +D2p2) ’
+20,q, (c" + a’lt(f)z (_3(2Kz +K;)D p, +3K,D,p, +K3D3P3)K1

4b((12%)2(CR +alt:)K2 +4b(12q0((:R +0‘1t(f)2K1K2 +((12q0)2(cR +a1t(f)2(_6D1 +D, +8D))K,
20,4, (c® +outy ) (3K, +2K,)D, + (K, + K;)D, + 22K, + K;)D, ) K,

+4(c" + a]t(§€)3 KK, K, ((ck +outy (=D, + D)+ Dy p, = 2D, p, + Dy, )

=7(0t,q0)* (" + it VK, D, py + 20,9, (c® +outs ) (3K, K, D, p, — (5K, +3K,)K, D, p, + (K, +4K,)K,D; p, )
6]7(0‘2‘10)2(61e + o415 K, +8bat,g, (¢ +°~1té€)2(K1 +K,)K,

+(a2q0)2(cR + otlt(f )2(—2Dl -2D, +5D,)K; — 7(a2qo)2(cR + onlt: )K,D; p,

+2a,q,(c" +outy) (-K,D, - 2(K, + K,) D, + (3K, + 2K,)D; ) K,

+2a2qn(ck + alt(f)z (KIDIPI +2K,D,p, -2(3K, + 4K2)D3p3)K3

+H(c" + oty V' KKK (8b+4(c" + oty )(=D, + Dy) +4D, p, —12D; p, )

(23)

In order to look at the effects of the waterway/road freight rate p, on the indifference

location S; and the catchment area L, we carry out comparative statics analyses of S, and

L, with regard to p, and c¢" for the uniformly distributed cargo demand case (i.e.,

q.(x)=gq,) with N = 3. The comparative statics results are summarized in Table 2. The

associated properties are formulated as follows, with detailed proofs given in Appendix C.

Table 2 Comparative statics results of S, and £, withregardto p, and c*.

SO Sl SZ S3 Ll L2 LS
D + - - - - +
P, + + — — + — +
Ps + + + — + + —
c* — Undetermined — Undetermined
Note: “+” means a positive correlation and “—” means a negative correlation.

Proposition 1. For the uniformly distributed cargo demand case with N = 3, we have

(1) As the waterway freight rate p, per unit of distance increases, the watershed location S,

of any port j (j =) moves towards port j, while the watershed location S, of any port j

(J <7) moves towards port j+1; the catchment area L, of port i itself decreases, while the
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catchment areas of all other ports increase.

(ii) As the road freight rate ¢ per unit of distance increases, the watershed locations, S,
and §,, of ports 0 and 3 move towards adjacent downstream ports. However, the changes of

the other watershed locations S, and S, and the catchment areas of ports 1, 2, 3 are

ambiguous.

Item (i) of Proposition 1 shows that as the waterway freight rate p, of port i increases, its
hinterland area reduces (i.e., 0L,/dp, <0, see Egs. (C.4)-(C.6)), whereas the hinterland areas
of all other ports (including non-adjacent ports) enlarge (0L, / op,>0,j#i). As a result, the
cargo demand of port i decreases, whereas the cargo demands of all other ports increase. Item
(i) shows that as c¢" increases, S, and S, decrease in terms of &5, Joc* <0 and
aS,/oc" <0 in Eq. (C.7), meaning that S, and S, move towards ports 0 and 3, respectively.
However, for S, and §,, owing to a competition between adjacent ports i and i+1 for the
inland market (D,,D,,,),i=1,2, a change of S,,i=1,2 depends on the waterway freight
rates of ports i and i+l, leading the sign of 4S,/ac*,i=1,2 to be ambiguous. If
aS,/oc® <0,i=1,2 holds, then port i+1 has a bigger market power than port i due to a decrease

in S,. This means that as ¢ increases, port i loses some upstream hinterland area.

4.2. Profit maximization for carriers

As previously shown, the optimal solution of the ship size V, for a general case must take its
boundary value, i.e., V,=V"™" . Hence, one only needs to determine the optimal waterway
freight rate solution p, for the carriers. In order to derive the optimal solution p, for the

case with uniform cargo demand distribution (¢,(x) = ¢,) and no port congestion, we set the

partial derivative of objective function n'” in Eq. (14) with respectto p, as zero. For N =2,
one can derive the analytical solutions of the waterway freight rates p=(p,p,) of ports 1 and

2 as
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(R ot(=D,+7D,) +12(t, +8,) +3(t, +8,) + oy (-114,D, +3t,D,) + 2b
1 23D, ’ ”
(P oyt )(=4D, +5D,) +2(1, +8)) +12(1, +8,) + 0, (24,D, —111,D,) + 8b (24)
23D, ’

2

where ¢, is given by Eq. (3).

For N = 3, one can derive the analytical solutions of the waterway freight rates p=(p, p,,p,)

of ports 1, 2, and 3 as

(ot (=6D, +22D, +7D,) +46(t, +8,) +12(t, +8,) +3(t, + 8,) + 0,,(—40¢, D, +12¢,D, +3t,D,) + 2b

: 86D, ’
(c® +oti(=12D, + D, +14D,) + 6(t, +8,) + 24(t, +8,) + 6(1, +8,) + 0, (61,0, —19¢,D, + 6t,D;) + 4b
p,= : e X))
43D,

(o) (4D, —14D, +19D,) + 2(t, +8,) +8(t, +8,) + 45(t, + 8,) + o, (24,D, + 8t,D, —41¢,D,) + 30b

3T .
86D,

From Egs. (24) and (25), one can identify the impacts of the port service charge t, on the

waterway freight rate p,, as follows. The detailed proofs are given in Appendix D.

Proposition 2. For the special case with a uniformly distributed cargo demand and no port
congestion, it can be shown that

(1) Increasing the service charge of port i leads to an increase in the waterway freight rates of
carriers of all ports. The marginal effect of the service charge of port i on the freight rate of
port i itself is largest, on the adjacent port is second largest, and on the non-adjacent port is
smallest;

(i1) The marginal effect of the service charge of the upstream port on the waterway freight rate
of the downstream carrier is always not less than the marginal effect of the service charge of

the downstream port on the waterway freight rate of the upstream carrier.

The economic implications of Proposition 2 are explained as follows. In item (i), an increase
in the service charge of a port means that the carrier using that port has to pay more money to
the associated port operator. In order to increase its net profit, the carrier intends to increase
its waterway freight rate, which is paid by the shippers. As a result, the carriers using other
ports also increase their waterway freight rates due to the complementary relationship

between the variables p; and p; (i#J) in the port game (Wan et al., 2016), i.e., one of

them increases, then the other also increase, and vice versa. However, such interrelated effects
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are marginally decreasing with an increase in the distance between ports. As for item (ii), as
the port service charge of an upstream port increases, the waterway freight rate of the carrier
of that port increases, thus leading to a reduced hinterland area of that port due to transfer of
some cargos to the adjacent upstream and downstream ports. As a result, the hinterland areas
of the upstream and downstream ports increase. However, the increased hinterland area of the
downstream port is larger than that of the upstream port because the downstream port is closer
to the destination port than the upstream port, meaning a lower waterway transport cost under
no congestion condition. Thereby, the change of the waterway freight rate of the downstream

carrier is greater than that of the upstream carrier.

It should be pointed out that for other potential cargo demand distributions, the analytical
solutions of the waterway freight rate p; and the solution properties of the model are not

derived due to difficulty in mathematical tractability. In the illustrative example followed, an

example with a linear potential cargo demand distribution will be numerically explored.

4.3. Social welfare maximization for port operators

4.3.1. Optimal port service charge

From the first-order optimality condition of maximization problems (17) and (20), one can

derive the optimal port service charges t° and t/” under the coordinated and independent

regimes, respectively. For N =2, we have

o _ (" +ati)(-2D, +3D,) =58, + 0,0, D,) +4b

: 20 ’

R R (26)

co (¢ +outy (=3D, +13D,)-17(8, + o,t,D,) +7b

T, = 5
100

0 (c®+ ocltOR )—4D, +27D,)—42(5, + a,t, D) +11(3, + a,t, D, ) + 8D

! 1000 ’ @7)
D (™ +a,tf) (66D, + 6D, +78D;) + 7(8, + au.t,D,) — 42(8, + ¢, D,) +30b

2 = 5

1000

where Siz(ﬁ)—ﬁnH,.)DiJrL( /2 +f3j
vo, (N,

i i

For N =3, one can derive
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260 _ (" +otf)(=21D, +4D, +29D,) - 25(3, + o,t,D,) +14b ’

1
100
co (" +ot,)=18D,+7D, +32D,)—25(8, + o1, D, +8, + o1, D;) + 29b
T, = 100 , (28)
o _ (" + 014D, +2D, +19D,) ~17(8, + 0,1, D,) +10b
3 .
100

0 = (® + o tH)(=11D, +39D, +13D,) — 65(5, + 0,1, D,) +18(8, + au,t, D, ) + 5(8; + oyt D, ) +4b ’

1
1000
(" +a ) (=66D,+6D, +78D,)+31(3, +0.,D,) ~100(3, + 0131, D, ) +32(8; + 0yt Dy ) +23b
K 1000 ’ (29)
0 (" + o t)(=5D, 15D, +21D,) + 2(8, + ou.t,D,) +8(3, + 0,1, D, ) — 44(8, + ot D, ) +33b
D= }
1000

From Egs. (26)-(29), one can immediately obtain the following proposition, which reveals the
relationships between the port service charge and the waterway depth under different port

operating regimes. The proof is given in Appendix E.

Proposition 3. (i) Under the coordinated regime, as port i’s waterway depth /, increases,
the service charges ’EJC.O (j = i—1, i+1) of port i’s adjacent ports (including downstream and

upstream ports) increase, whereas the service charges of port i itself and its non-adjacent ports
do not change;

(i1) Under the independent regime, as port i’s waterway depth H, increases, the service
charge 1/” of port i itself increases, but the service charges rj.D (j #1) of other competitive

ports decrease. Increasing the waterway depth of other port j ( j # i) leads to a decrease in the

service charge of port i.

Proposition 3 shows that the port operating regimes lead to distinct properties, in terms of the
effects of the waterway depth on the port service charges of port operators. Specifically, item
(i) implies that under the central government’s regulation, the adjacent ports’ charges increase
in response to one port’s increase in waterway depth. This is because the government wants to
discourage the shippers to use the adjacent ports and better utilize the benefit of the waterway
depth increase (larger ship and economies of scale). However, the service charges of farther
non-adjacent ports and port itself are not affected. Item (ii) means that under the local
government’s respective regulation, increasing the waterway depth of a port can shorten the
average transport time of cargos of that port and thus improve its attractiveness. As a result,

its service charge increases due to improved service, while the service charges of other
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competitive ports decrease due to lowered attractiveness.

As a byproduct, substituting Eqgs. (26)-(29) into Egs. (24) and (25), one can further represent
the optimal waterway freight rate solutions p° and p” of the carriers under the

coordinated and independent regimes as follows. For N =2, we have

co _ (*+at$)(=2D,+9D,)+128, —1la,t,D, +5b
b= 25D, :
co _ (*+atf )(=5D,+7D,)+0.01(8, + o, D,) +12(8, — o1, D,) +9b (30)
P 25D, '
w (" +ot =D, +7D,)+ (128, — 1101, D) +3(8, + .1, D,) +2b
pr= 25D, ’
w (" +ot ) (—4D, +5D,)+2(8, + ot,D,) + (128, —11a,t,D, ) + 8b G
P = 25D, '
For N =3, we have
co (€ +outd)(=18D, +25D, +25D,) +43(8, — o,1,D,) +0.03(8, + .1, D,) +12b
= 100D, ’
<0 = (" + o, tf) (18D, +3D, +25D,) +(228, - 21a,t,D, ) +12b (32)
? 50D, ’
co _ (*+atf)(=12D, 12D, +31D,) +0.04(8, + a,t,D, ) + 43(8, —a,t,D,) +37b
P = 100D, '
w (ot )N=TD, +24D, +9D,)+43(8, — o,1,D,) +12(8, + 0,1, D, ) + 4(8, + 0,1, D, ) +3b
pr= 100D, ’
w (€ + ot (14D, + D, +16D,) + 6(3, + o2, D)) + (228, — 21oi,t, D, ) + 7(8, + ot D) + 5b
Py = ; (33)
50D,
w (ot )=5D,—15D, +21D,) +2(8, + a,t,D,) +8(8, + a;t,D,) +43(8, —aut, D) +32b
Py = 100D, '

From Egs. (30)-(33), the relationships between the waterway freight rate and the waterway

depth under two port operating regimes are as follows. Its proof is given in Appendix F.

Proposition 4. (i) Under the coordinated regime, changing the waterway depth of port i, H,,

has trivial effects on the waterway freight rates of other ports, but has an ambiguous effect on

D, fyo,(nH,)* + f,
Do, A oA yo,(H, )Hl

the waterway freight rate of that port itself, depending on the sign of

(i1) Under the independent regime, as port i’s waterway depth H, increases, the waterway
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freight rates ij (j#i) of other competitive ports decrease, while the change of the

waterway freight rate p”

D, fiyo,(nH,))* + f,
D,oh oA Yo, (MH, )H\l

of port i itself is ambiguous, depending on the sign of

. Increasing the waterway depths of other ports leads to a decrease in

the freight rate of port i.

Proposition 4 further shows that there is a significant difference between different port
operating regimes, in terms of the effects of the waterway depth on the waterway freight rates
of carriers. Specifically, item (i) means that under the central government’s regulation, the
effects of the waterway depth on the waterway freight rates of other ports are very weak and
can be neglected, whereas the effects on the waterway freight rate of that port itself are
significant. Item (ii) shows that under the local government’s respective regulation, changing

the waterway depth of a port affects the freight rates of all ports.
4.3.2. Maximum social welfare

Substituting Egs. (30)-(33) into Egs. (17) and (20), one can obtain the maximum social
welfare of each port under the coordinated (SW,“’) and independent (SW,”) regimes. For N
=2, we have

SWEo = qO(plCODl -9,) (" + alt(f)(_Dl +14D,) - (248, +250,1,D,)
P50 + o) | +(128, +130,1,D,)—b
4, (pS°D, =8, [ (" + oty )(=12D, +13D,) +2(63, + To,t,D))
50(c" +a,ty) |\ =3(128, +130,,t,D,) +28b

]_(Ho +H1H1)_(B0 +B1K1),

SVVQCO = j_(uo +,H,) =By +B.K,). (34

SVVIID - .
50(c” +aty ) \ +2(38, +4o,t,D,) +4b

_q,(pD, =8,) [ (" + oyt )(=24D, +17D,) +2(35, + 40, D))
50(c* +aty) | -3(118, +13a,,D,) +28b

Pp —§)( (c®+at?)-2D, +16D,)-2(118, +13a.t,D,)
:%(pl | 1)[ ifo | 2 1 SOy H )~ By +BK),

(33)
SW;D

J_(Ho +H) = (B +BKY).

For N =3, we have
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copn _
SWlw = M(Wg(cj + a‘lt(f )D, = (438, +57a,t,D;) + (228, + 29a3tzD2)) = (o + 1, H,) = (B, +B.K)),
100(c” + oty )

co _ 4o(PS°D, —8,) [ (" + oty (58D, + D, +56D,) + (438, + 5701, D,)
P 200(c® +aty) | (885, +11601,t,D,) + (438, + 57at,D;) +b

co _ 0(pSDy =8,) (" + 0t )(=58D, +57D,)+2(228, +2901,1,D,)
Y2000 +ot) | —(1298, +1710,1,D,) +113b

]_(Ho +H,) - (B, +B.K)), (36)
j_(uo +wH;) - (B, +B,K5).

s = 4ol piPD,=38)) [ (" + ot (=TD, +27D, +71D,)— (378, +51a,,D,)
b 100(c" ot +(108, +170,8,D,) +3(8, + oyt Dy) + 2b

Gy _ 9P D, =8) [ (" +at)(=56D, +5D, +66D,) + (218, +35a,,D))
T 200(c" +outy ) | (688, +960,t,D,) + (198, +330,t,D,) +15b

s 9o piPD, —8,) [ (" +outy )(=13D, =53D, +69D,) +6(3, + 1, D))
P200(c" +aty) | +2(108, +170,t,D,) — (1158, +157a,t,D,) +114b

]_(H0+H1H1)_(Bo +B]K1),

j_(uo+”1H2)_(Bo +B,K,), (37

J_(Ho +H) - (B, +B,K5).

From Egs. (34)-(37), one can immediately obtain the following proposition, which shows the
relationships between the social welfare of each port and the waterway depths under different

port operating regimes. Its proof is given in Appendix G.

Proposition 5. (i) Under the coordinated regime, as port i’s waterway depth H, increases,
the social welfare SW,“’ of port i itself increases, the social welfares SWjCO (j=1i-1,i+1) of

its adjacent ports (including downstream and upstream ports) decrease, while the social
welfare of non-adjacent port does not change.

(i1) Under the independent regime, as port i’s waterway depth H, increases, the social
welfare SW™ of port i itself increases, but the social welfares SWI.ID (j#i) of other

competitive ports decrease.
Proposition 5 further shows that under the central government’s regulation, the change of the
waterway depth of a port influences the social welfares of its adjacent ports and itself.

However, under the local government’s respective regulation, changing the waterway depth of

a port influences the social welfare of each port in the corridor system.
5. Numerical studies

5.1. Parameter calibrations
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In this section, 7 major inland river ports along the Yangtze River of China (i.e., Taicang port,
Zhenjiang port, Nanjing port, Wuhu port, Wuhan port, Chongqing port, and Yibin port) are
employed to illustrate the properties and applications of the proposed models. The Shanghai
port is considered as the destination port, which serves as a key transshipment port and
interface between inland shipping and maritime shipping. The distances of the 7 inland river
ports from the Shanghai port are 75, 283, 347, 503, 1043, 2329 and 2783 km, respectively, i.e.,
D =175, 283, 347, 503, 1043, 2329, 2783] km. Their actual waterway depths are H = [12.5,
12.5,12.5, 7.5, 4.5, 3.5, 2.9] m, and their capacities are K = [148, 159, 200, 140, 95.02, 96.7,
15] million tons per year.> The frequencies that ships visit ports are ;= [230, 120, 97, 67,
42, 35, 12] times per year. In practice, one major shipping commodity is containerized cargo,
which can be conveniently handled by multi-modal transport systems. However, its handling
rates are not routinely and consistently reported by government agencies, and significantly
change over time. The commonly available rates are based on weights (i.e. tons). Apparently,
if a consistent weight per container is used, the same results will be obtained regardless of
cargo units. Because the most readily available data are all at tons, the numerical simulation is
weight-based, which yields the same pattern (although not the same number) as container
based calculation. The road freight rate of one ton of cargo per unit of distance is set as
c*=RMBO0.5/ton-km.® Here, “RMB” stands for the Chinese currency “Renminbi”. US$1
approximates RMB6.52 as of January 1, 2021. The road transport time per unit of distance is

ty=0.01 h/km. The values of road transport time, port congestion delay and waterway
transport time perceived by shippers are a, =5.0, a,=3.5, and o, =1.0(RMB/h/ton-km),

respectively. The maximum acceptable full transport cost of shippers per unit of cargo is b =

RMB470/ton. The average load factor of ships is y= 90%. The variable and fixed costs of
port capacity investment are f3,= RMB5.0/ton and B,=3.0 million RMB, respectively. The
variable and fixed costs of the port dredging investment are p,=1.0 million RMB/ton and
p, =6.0 million RMB, respectively. Other parameters are: A,=0.5, A, =028,
f,=RMBO0.005/ton-km, f,=RMB2.0x10"7/ton>-km, f,=RMB120000, f,= RMB10/ton, and

n=1000 ton/m.

In this example, we consider a linear potential cargo demand density function, specified as

5 http://www.cjhdj.com.cn/hdfw/ndssjh.
¢ https://wenku.baidu.com/view/813699fd910ef12d2af9e¢7bd.html.
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q"(x)=q,+q.x, (38)
where ¢, is the constant potential cargo demand, and ¢, is the density gradient describing

how rapidly the cargo demand density changes with distance x from the destination port. As

g, =0, the linear demand density function is reduced to a uniformly distributed one.
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Fig. 5. (a) Actual port cargo demand in 2020; (b) cargo demand density along the river

corridor.

Fig. 5a shows the total actual cargo demand of each port in 2020. Using the actual cargo
demand density function (8) and the linear potential cargo demand density function (38), one
can derive the expressions for the potential cargo demand density ¢°(x), as shown in Eq.
(39), which is a piece-wise function consisting of the following segments: Taicang —
Zhenjiang, Zhenjiang — Wuhu, Wuhu — Wuhan, Wuhan — Chongqing, and Chongqing —
Yibin.” It is assumed that the price elasticity of the cargo demand is 1.0, and thus the demand

elasticity parameter &, in the cargo demand density function (8) is the reciprocal of actual
waterway freight rate, i.e., & =1/(p,D,), see Tan et al. (2015). Accordingly, in this example

the actual cargo demand density function (8) can be further written as Eq. (40), as shown in
Fig. 5b. In the following analysis, the afore-described input data and model parameter values

are considered to be the base case unless stated otherwise.

7 The potential cargo demand density functions of Zhenjiang port to Nanjing port and Nanjing port to Wuhu port are
approximated as a linear function.
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12059370 +42870x, x €[0,283],

41049890 — 59570x, x [283,503],

¢’ (x) = 115345081 —8467x, x €[503,1043], (39)
—14346000 + 20000x, x €[1043,2329],

158000000 — 54000x, x & [2329, +0].

q°(x)exp(—0.0425¢,(x)), x € , for Taicang,
q°(x)exp(—0.0332¢,(x)), x e[S,,S ] for Zhenjiang,
qo(x)exp(—0.038063(x)), x €[S,,S;], for Nanjing,

¢,(x) =q° (x)exp(—&c,(x)) =4 ¢"(x) exp(-0.0360c,(x)), x €[S;,S,], for Wuhu, (40)
¢°(x)exp(-0.0235¢,(x)), x €[S,,S;], for Wuhan,
q° (x)exp(—0.0177¢,(x)), x €[S, S,], for Chongging,
q° (x)exp(=0.0165¢,(x)), x €[S, S,], for Yibin,

where the watershed locations S,(i=0,1,---,7) between ports can be determined by Eq. (9),

which are presented later.

5.2. Discussion of results

5.2.1. Comparison of solutions under different port operating regimes

According to Eq. (9), one can determine the watershed locations S;(i =0,1,---,7) between

ports under the coordinated and independent regimes, as shown in Fig. 6. It can be seen in this
figure that the resultant hinterland areas of Taicang port (TC), Zhenjiang port (ZJ), Nanjing
port (NJ), Wuhu port, Wuhan port, Chongqing port (CQ), and Yibin port (YB) are 126, 123,
117, 378, 970, 861, and 460 (km) for the coordinated regime, and 125, 121, 123, 376, 967,
856, and 475 (km) for the independent regime, respectively. Compared to the coordinated
regime, the independent regime can cause a slight decrease in the hinterland areas of all ports,
except for Nanjing port and Yibin port. This is because the full transport cost under the
independent regime is much less than that under the coordinated regime for the port pairs of
Nanjing-Shanghai and Yibin-Shanghai (over RMBS5.0/ton), as shown in Table 3. Thereby, the
attractiveness of Nanjing and Yibin ports and thus market powers are stronger under the
independent regime. In other words, as the full transport cost of a port with the independent
regime decreases to a certain extent compared to the coordinated regime (e.g., Nanjing and
Yibin ports), the hinterland area of that port with the independent regime is larger than that

with the coordinated regime. It can also be seen that the whole service coverage of the river
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corridor under the independent regime is 8 km (from 3035 to 3043 km) bigger than that under
the coordinated regime. This is attributed to the competition between the local governments
for hinterland cargo demand under the independent regime so as to maximize their own local

social welfare.

Full transport cost
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Fig. 6. Catchment area of each inland river port under coordinated (in black) and independent

(in red) regimes.

Table 3 Full transport costs of port pairs under coordinated and independent regimes.

Port pair Coordinated Independent Change
(RMB/ton) (RMB/ton) (RMB/ton)

Taicang-Shanghai 32.27 31.25 1.03
Zhenjiang-Shanghai 47.57 44.92 2.65
Nanjing-Shanghai 47.87 42.57 5.30
Wuhu-Shanghai 56.42 54.42 2.00
Wuhan-Shanghai 97.90 97.82 0.08
Chongqing-Shanghai 201.55 201.06 0.49
Yibin-Shanghai 295.09 289.44 5.66

Note: Change = coordinated — independent.

Table 4 summaries the results of the optimal decisions of carriers and port operators under the
coordinated and independent regimes. It can be noted that the relative changes of the cargo
volume, each carrier’s profit and each port’s consumer surplus for all ports are negative. This
means that in comparison with the coordinated regime, the independent regime can cause an
increase in the cargo volume, carrier’s profit and port’s consumer surplus for each port due to
a lower waterway freight rate under the independent regime. Particularly, the relative change
of Nanjing port is largest (>20%), that of Yibin port is second largest (about 10%), and those
of Wuhan and Chongqing ports are smallest (<1%). This implies that the operating regimes

have a significant effect on the Nanjing and Yibin ports because of their significantly
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decreased full transport costs under the independent regime, and such an effect is small for
other ports. It can also be noted that the relative changes of the social welfares of all ports are
positive, except for Nanjing port and Yibin port. This means that the independent regime is
superior to the coordinated regime for Nanjing and Yibin ports (two ports with full transport

costs significantly decreased), in terms of individual local social welfare.

Table 4 Results under coordinated and independent regimes.

Relative change

Performance index  Inland river port Coordinated Independent (%)
Taicang 198.89 210.26 -5.41
Zhenjiang 324.59 348.87 -6.96
Nanjing 199.80 251.16 -20.45
Cargo demand Wuhu 133.75 142.10 -5.88
(million tons) Wuhan 114.54 114.68 -0.12
Chongqing 163.25 164.58 -0.81
Yibin 8.81 9.80 -10.04
_______________________ Total 114362 124145 788
Taicang 4353.81 4680.15 -6.97
Zhenjiang 9974.84 10825.63 -7.86
Nanjing 4861.00 6423.11 -24.32
Carrier’s profit Wuhu 3842.80 4094.04 -6.14
(million RMB) Wuhan 5288.53 5294.12 -0.11
Chongqing 10119.70 10206.53 -0.85
Yibin 481.41 539.63 -10.79
,,,,,,,,,,,,,,,,,,,,,,, Total 3892200 4206321 747
Taicang 4679.69 4947.20 -5.41
Zhenjiang 9776.79 10508.11 -6.96
Nanjing 5257.79 6609.54 -20.45
Consumer surplus Wuhu 3715.16 3947.23 -5.88
(million RMB) Wuhan 4874.03 4880.00 -0.12
Chongging 9222.98 9298.33 -0.81
Yibin 534.12 593.72 -10.04
_______________________ Total 3806056 4078414 668
Taicang 3931.55 3927.30 0.11
Zhenjiang 10391.15 10118.18 2.70
Nanjing 5383.00 5472.64 -1.64
Social welfare Wuhu 3436.66 3381.98 1.62
(million RMB) Wuhan 4808.29 4805.03 0.07
Chongging 9722.07 9716.26 0.06
Yibin 452.24 454.56 -0.51
Total 38124.95 37875.95 0.66

Note: Relative change = (coordinated — independent)/ independent x 100%.

5.2.2. Port capacity investments under different port operating regimes

The congestion delays of Taicang port and Zhenjiang port are currently more serious than

other ports. In order to alleviate the port congestion delays, the municipal governments of
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these two cities are recently planning to expand their port capacities. Fig. 7a and b shows the
changes of the total social welfare of the corridor system and the individual social welfares of
Taicang and Zhenjiang ports for various combinations of their capacity expansions under the

coordinated and independent regimes, respectively.
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Fig. 7. Changes of total social welfare of the system and individual social welfares (million
RMB) of Taicang and Zhenjiang ports with port capacity expansions under different regimes:

(a) coordinated regime, and (b) independent regime.

It can be observed in Fig. 7a that for the coordinated regime, the optimal capacity expansion
of Taicang port is 25.2 million tons and the optimal capacity expansion of Zhenjiang port is
183 million tons, leading to the maximum total system social welfare of 38779.397 million
RMB. For the independent regime, as the capacity of one port increases, the social welfare of
its rival port decreases. The curve R1 (R2) is the response of optimal capacity investment of
Taicang (Zhenjiang) port to the capacity change of the competitive Zhenjiang (Taicang) port.
When the capacity investments of Taicang and Zhenjiang ports are, respectively, 41 million
tons and 218 million tons, which are the intersection of two response curves, the game
between these two ports reaches Nash equilibrium and no port is willing to change its
decision on capacity investment. It can be noted that the optimal capacity expansions of
Taicang and Zhenjiang ports under the independent regime are 15.8 and 35 million tons larger
than those under the coordinated regime, respectively. This is because the local government
under the independent regime would like to provide high-quality services through expanding
bigger port capacities to compete for hinterland cargo market with its rivals. As a result of

port competition, there may exist a risk of resource waste due to excessive port capacity
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investment for the independent regime. Consequently, in practice the decisions on the port

capacity expansion and port operating regime should be carefully made.

5.2.3. Waterway depth investments under different port operating regimes

In order to look at the effects of investing in the waterway depth under the coordinated and
independent regimes, we conduct numerical experiments by changing the waterway depth H,
of port i from 0 to 1.0 m. Fig. 8a plots the change in the total social welfare of the system
under the coordinated regime. Fig. 8b plots the change in the individual social welfare of each

port under the independent regime.
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Fig. 8. Changes of total social welfare of the system and individual social welfare of each port

under different regimes: (a) coordinated regime, and (b) independent regime.

It can be seen in Fig. 8a and b that investing in the waterway depth of Chongqing port
(Taicang port) can lead to the largest (smallest) change in the total social welfare and its
individual social welfare regardless of the coordinated or independent regime. This means that
the marginal investment values (or shadow values) of Chongqing port and Taicang port are
the highest and the lowest in terms of the change of (total/individual) social welfare per unit
waterway depth investment, respectively. Thereby, Chongqing port can be considered as the
first choice for investment in the waterway depth, while Taicang port as the last choice,

regardless of the port operating regime adopted.
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It can also be seen that for the independent regime, the shadow values of Yibin and Wuhan
ports are the second and third largest among all ports, implying that Yibin and Wuhan ports
can be considered as the second and third investment choices, respectively. However, for the
coordinated regime, Wuhan port is a better choice for investment than Yibin port if the
additional invested waterway depth is less than 0.59 m, and Yibin port is a better choice,
otherwise. In addition, the priority rankings of investment for Nanjing and Wuhu ports are just
reverse for the coordinated and independent regimes. Specifically, Nanjing and Wuhu ports
under the coordinated regime have the reverse second and third investment priorities,
respectively. However, their investment priorities under the independent regime become the

reverse third and second ones, respectively.

According to the above discussions, we can obtain a general rule about the order of waterway
depth investment of inland river ports along the Yangtze River: the upstream major ports (e.g.,
Chongqing, Yibin, Wuhan) can be chosen for waterway depth investment first, and then the
downstream major ports (e.g., Zhenjiang, Nanjing, Wuhu, Taicang), regardless of the
operating regimes adopted. More importantly, the framework can be used to conduct other
policy or investment decisions, e.g., to simulate the market outcomes when a new port is
invested, when capacities at selected ports are to be expanded, or when transport costs to
selected ports are reduced or increased (such as in the cases when a new road is built or
additional toll charges are imposed). It can also be easily extended to the case when multiple
ports are managed by a group (e.g. port alliance), or selected ports are privatized (thus that

their objectives are to maximize profits instead of local welfare).

6. Conclusion and further studies

This paper proposes a vertical-structure model for the strategic planning of ports in an inland
river corridor. In the proposed model, the interactions among shippers, carriers, and port
operators are explicitly considered, together with the effects of waterway depth, port
congestion, and port competition on the hinterland cargo market. The port service charge, port
capacity, waterway freight rate and ship fleet for each port in the inland river system are
optimized. Two different port operating regimes are investigated and compared, i.e., the
coordinated regime that maximizes total social welfare of the entire inland river corridor

system, and the independent regime that maximizes the local social welfare of each individual
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inland river port.

This study contributes to the literature and practical industry decision making in several ways.
First, in terms of methodology it develops a more comprehensive model than previous studies,
which can be used for the analysis of complex issues and scenarios, such as the effects of the
waterway depth investment on the inland river port corridor system under coordinated vs.
independent regimes. The model can analyze the cases of multiple ports, and reveal changes
to individual ports (e.g. hinterland areas of upstream/downstream inland ports and thus in
service coverage of river corridor). Second, in term of general findings for inland river port
management, we have shown that the optimal capacity expansion of each port under the
independent regime is always larger than that under the coordinated regime. This is because
each independent government needs more port capacities to compete for hinterland cargo
market with rivals. This conclusion may have very important implications for inland port
investment and choice of regulation schemes. Regulation always comes with costs (e.g.
regulation costs associated with tax collection, administration). When the cargo demand along
the inland river is expected to grow substantially in coming years, limited over-investments
may not be a major problem in the long term. In such a case, encouraging competition is a
preferred solution than central management/coordination. However, if market growth is
expected to be limited in the years to come, regulation cost is a less important issue compared
to the wastes caused by excessive investments. In such a case, centralized
regulation/coordination may be a preferred choice. Because such results are obtained under
general modelling assumptions, they should hold for inland river shipping in general. Third,
some specific conclusions have been obtained for the case of Yangtze River. For example, it is
found that the priority order of waterway depth investment is to first invest in the upstream
major ports and then the downstream major ports, regardless of the operating regimes adopted.
This can be a useful investment guideline especially when a decision-maker can coordinate
the strategy of investments along the inland river. In summary, the proposed models in this
paper provide a useful tool for modeling the interactions among port operators, carriers, and

shippers and for evaluating and designing various demand-side and/or supply-side policies.

Although the models proposed in this paper provide some useful insights for practical
investment decisions and policy evaluation of inland river ports, some assumptions made
should be relaxed in further studies.

(1) The cargo demand was assumed to be continuously distributed along the inland river. Such
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an assumption may, to some extent, overly simplify the market reality. Moreover, the road
in this paper was assumed to be uncongested. A discrete cargo demand distribution along
the inland river corridor and road congestion may be considered in a further study.

(2)Only one ship type and one carrier were considered for each port. In reality, there may
exist multiple ship types and multiple carriers at a port. It is, therefore, meaningful to
extend the proposed models to take multiple ship types and multiple carriers into account.

(3) With continuing upgrading of the inland waterway, some inland river ports can
accommodate larger ships and some sea ships can directly enter the inland river. It is
meaningful to develop an integrated model for investigating the ship layout/scheduling
issues of the combined river-sea transport (Konings, 2006), particularly considering the
effects of upgrading of the inland river waterway.

(4) The proposed models were deterministic, and various random factors, such as uncertainties
in cargo demand or/and port capacity, were not considered. In a further study, the effects of
random factors should be incorporated through developing stochastic or robust models.

(5) This paper considered the inland river ports operated by central or local governments,
aiming to maximize total or local social welfare. However, some inland river ports in
Europe and North America are operated by private sectors, with an objective of
maximizing their own profit. Therefore, there is a need to extend the models proposed in

this paper to consider the profit maximization case in a future study.
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Appendix A: Definition of variables and parameters

Table A.1 Notation.

Symbol  Definition B:;‘l*lll‘:e
D, Location of port i (km) —
H, Waterway depth of port i (m) —
K, Design capacity of port i (tons/year) —

¢°(x)  Annual potential cargo demand density at location x (tons/km/year) —

Annual density of actual cargo demand originating at location x and

4. transshipping at port i -
q, Gradient of cargo demand density along inland river corridor (tons/km?) —
0, Annual actual total cargo volume of port i (tons/year) —
Si Indifference location between adjacent ports 7 and i+1 (km) —
4 Voyage time per unit of distance for ships of port i (h/km) —
T, Service charge per unit of cargo of port i (RMB/ton) —
» Waterway freight rate of one ton of cargo per unit of distance of carrier i .

! (RMB/ton-km)

V. Average ship size of carrier i (tons) —
Y Average load factor of ships (%) 90%
n Number of ships of carrier i —
o, Number of times that the ship ¥, visits port i per year (or frequency) —
c® Freight rate of road transport (RMB/ton-km) 0.50
tf Road transport time per unit of distance (h/km) 0.01
Q, Value of road transport time perceived by shippers (RMB/h/ton-km) 5.0
a, Value of port congestion delay perceived by shippers (RMB/h/ton-km) 3.5
o, Value of waterway transport time perceived by shippers (RMB/h/ton-km) 1.0
Ao A positive parameter 0.5
A Scale economy of voyage time per unit of cargo with regard to ship size 0.28
n A positive parameter (ton/m) 1000
Jo Fixed operating cost of one ton of cargo per unit of distance (RMB/ton-km) 0.005
f Marginal operating cost of one ton of cargo per unit of distance 2.0%107
‘ (RMB/ton*-km)
1 Fixed component of acquisition cost per ship (RMB) 120000
5 Variable component of acquisition cost per ship (RMB/ton) 10
g Demand elasticity parameter —
b Maximum acceptable full transport cost for shippers (RMB/ton) 470
Ko Fixed cost of port dredging investment (Million RMB) 6.0
T8 Variable cost of port dredging investment (Million RMB/ m) 1.0
By Fixed cost of port capacity investment (Million RMB) 3.0
B, Variable cost of port capacity investment (RMB/ton) 5.0
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Appendix B: Proof of Lemma 1

(©)

We check the Hessian matrix H , (n!”)) of objective function 7\ in Eq. (14) with respect

to the waterway freight rate vector p.
16— 4exp(-E(c" + oty )(D, = S,.,)) —4exp(—&(c” + o, )(S, - D))

o2 —q,(D) exp(-&(p, + k. VD)
op; Aey +aty) —¢(p,D,—1,-3,)

8—exp(—&(c" + oyt (D, - S,.,)) <0,
—exp(=&(c" + ot (S, ~ D)

% n® 905D exp(-E((c + oD, =S )+ (p, + kD))
2’ ==(pD, -1, - 81’) R R <0, (B 1)
o, 4" +oyty) ’
8271'f.“ (p.D 5) 98(D, ) GXP(—Q((CR + (x]t(lf )S;=D)+(p; + asan;M )D, )) <0
=—(p.D,—1, -9, X

aplzﬂ P ' 4(CR + all(f)

2_(0)
aan;. =0, j#i-Lii+],

P,

0'x @D,\D,(2-E(p.D,~1,~8))exp(-E((c" +as)D, = S,.)+(p + o)V D))
op,0p,, - A+t

o nl 3 4,00, (2_§(p,Di - —5[))exp(—§((ck + oty )(S, = D) +(p; + oV )Di)) 50

op,0p;., 4(c* + (x‘ll(f) ' (Bz)
o*n
op,op;
o’

ap J ap k

>0,

=0, j#i-Lii+l,

=0, j,k#i,

where 8, =(f,— /V)D, +L(£+f3]
vo, \ ¥

1

The Hessian matrix H, (') with regard to the waterway freight rate vector p thus is

0 - 0 0 0 e 0
2_(c) 2_(c)
0 0 Tcl.2 o'm, 0 0
op., op,_,9p;
. 0*n® R o*n'
Hy(x)=0 ' L ' (B.3)
op,op,., op; OpOp,.,i
2_(0) 2_(e)
0 .. o Im om
apiﬂapi apiﬂ
0 - 0 0 0 0]

In order to show the negative definiteness of H, (n''), one only needs to check the
negative definiteness of the associated quadratic form Y'H,(n'”)Y , where the

superscript “7” denotes the transpose of a vector and Y is a column vector with

Y=Y, yy)" . The quadratic form Y'H,(n!”)Y can be expressed as
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2- E,'(piDi —-7,-9)
4(CR + Otlt[f)
_ &(piDi_Ti_Si)_l
U Aol
4 exp(—é(pi + oV )Di)
2(c§ + (xltOR)

YT H (7)Y =g, ( j(XI(Dilyil =Dy) +1,(Dy, _Di+lyi+l)2)

J(XZ(Dilyil)z +X1(Di+lyi+l)2) (B4)

(8_3X3 _&(piDi - _8,')(4_7(3))(ny;)27

where
% = exp(-E((c" +ou ) )(S, = D) +(p, + ah ¥, )D,)),
%> = exp(=5((¢" +out)(D, = 8,,)+ (P +ask, VD)), (B.5)

%5 = exp(-&(c" + oty (D, =S, ) +exp(—&(c” + a1y )(S, ~ D).

From Eq. (16), one can derive 0 <&(p,D, —1,—90,) <1. Consequently, for any non-zero vector
Y, the following inequality always holds

Y'H,(n!?)Y <0. (B.6)
This means that the Hessian matrix H, (n\”’) is negative definite (Strang, 2006; Li et al.,

2012), and thus =" is concave with respectto p,, p,, +*, py -

i

The first-order partial derivatives of objective function n'* with respect to ship size V, is
R P Ui sl RYRE
o, yo, (% 2(c" +outy) —exp(=&(c" + a1 )(S, - D))

(B.7)

on'e kg h Py Dy (py Dy =ty =8y ) exp(=&(py + iV Dy
ony’ 1 [f, y 1 jQ‘V‘*qD MMy v(PyDy =Ty —8y) P( E(py o) ‘\)(4—exp(—§(ck+0.1t5)(D‘V—S\;1)))>OA

=—| fiD, +
o, Yo, (9% 2(c" +o,td)

(©
For V, 20 '

1 5

is always larger than zero. Thus, as the ship size V; increases, the

()

objective function w;” increases. This completes the proof.
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Appendix C: Proof of Proposition 1

. . R
To analyze the effects of waterway freight rate p, and road freight rate ¢* on S, and L,,

we set the partial derivatives of Egs. (21) and (23) respectively with respect to p, and c*
equal to zero and solving them simultaneously for N = 3. With the uniform cargo demand

distribution ¢,(x) = ¢,, one can derive the expressions of 0S; /dp,, OL;/dp,, 0S, / oc® , and

oL, / oc® as follows:

as
5;) =p(c” + ot )D; (5(0tsg, )’ +20,, (" + 0t NBK, +2K,) + 4K, K, (¢ +aty)’ ) K, >0,
1
os
6—1)1 =-2p(c" + 01D, ((0,q,)° + 0y (* + oty YBK, + K3) + 2K, K, (c* +a,y)? ) K, <0,
S (C.1)
a_pz =-2p(c" +atg)Daq, (0‘2% +(c" + o))k, )Kl <0,
1
6S3 = —20(ct R 2
—=-2p(c" +o,ty )D,(0a,q,) K, <0.
op,
By _ et tHD 3 2K, (c*+athH)K, >0
g_p(c +ouly) 2(12‘]0( Q,q, +2K;(c +a1o)) 2>,
2
as,
5 =p(c" + 015D, (3(ctq, )’ + 20,4, (c* + ety )BK, + Ky) + 4K, Ky (" + oty ) ) K, >0,
- (C.2)
gf =—4p(c* +a,t)D, ((otzqo)2 +0l,q, (c® + o tHK, +K)+ K K (" +a,tl) )K2 <0,
2
s _ 4p(c” + oty ) Dyotyq, (0,q, + (c* + oy t)K, ) K, <0
o =—4p(c” + oty )D0,q,(0,q, +(c” +a,f K ) K, <0.
2
% = p(CR + a1t§ )D, (az%)zK3 >0,
op,
8S1 _ R R R R
—L=p(c" + oty )Ds0,q, (0,q, + 2K, (" +at)) Ky > 0,
ap;
o (C.3)
Eﬁ =p(c” + oty )D; ((0,q,) +4,q, (" + ot (K, +2K,) + 4K K, (c* +a,ty)’ ) K, >0,
3
2—]‘33 =-2p(c" +a,t)D, (3(0(2(]0)2 +40,q, (" + o tH(K, + K,)) +4K K, (" + o,t)) ) K, <0.
3
oL
g =—p(c" + o, 1) D, (7(0yy)* + 601, (c* + 0t YK, +K,) +8K,K (¢ +a,tf)?) <0 (C.4)
1
6L2—2 K D, (3 2K, (c" KK, >0
g— p(c” +auty) 1( Ay, + 2K (¢ +a1t0)) 158, >0,
1
%—2 (c® +a,td)’ Do,g,K K, >0
P p ilo ASTPUAEISTA .
1
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L
271 =2p(c" + oty )’ D, (30,9, + 2K, (" + 1)) K K, >0,
2
oL
af =—p(c" +ot)D, (7(ctq,)” + 20,9, (c” + 0t )(SK, +3K,) +8K K, (c* +aty) ) K, <0, (C.5)
2
8L3 _ R RN2
—=4p(c” + oty ) D, (0,9, + K)K,K; > 0.
op,
L
oL, =2p(c® + o)’ Dyo,q, KK, >0, (C.6)
0p,
aLZ _ R R\2 R R
P 4p(c" + oty ' Dy 0,y + K, (" + oyt K, K; >0,
3
L
g—; =—p(c* +o,t,)D, (7(%%)2 +4o,q, (" + oty JBK, +4K,) +12K,K, (c" +o,1)* ) K, < 0.
3

To analyze the effects of road freight rate ¢ on § . and L, we set the partial derivatives of

Egs. (9) and (10) with respect to ¢*, yielding

oS, 1 o,0 oy
T A R B
as, 1 0., _ 9,0, -2 =y -
—=- - 2= (P, LAV D, —(p oAV D, |, i =12
ack 2(cFY? ( K. K (P + oAV D = (p+ ok VD, |, 1=1,2, (C7)
_ o
b—(p; + )V, o )D, _27Q3
oS, K,
—== - <0.

oc (c™)

az i+1 Z(X'ZQi aZ i—1 -\
5L,. 1 - + + (pi+l + (x’37\‘0V;+1 1)DiJrl .
8C_R = —m K, K, K. ,i=12,

-2(p; + O%)"OVI‘%1 )D, +(p,, "'O%)‘()Vifli)~I D, (C.9)
oL 1 30,0,  a,0 , —k.
&‘_;:_Z(CR)Z (Zb— 1;3 24+ 222—3(p3+oc3k0V3 )D, +(p, + oAV, )Dzj.

It should be pointed out that the signs of 8S,/oc®,i=1,2 and oL /ac*,i=1,2,3 are

ambiguous. The above results are summarized in Table 2. This completes the proof.
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Appendix D: Proof of Proposition 2

The first-order partial derivatives of n'" with respectto p, is

on'” D

i 4y .
=DO.—(pD —1.-8,)——"—,i=12,---,N-1,
api th (pl i i I)CR+Oth§
on'y 39,D
= - D,-t,—-6,)— N
. vOv —(PyDy — 1y N)Z(CR-FOLll‘(f)

(©
Letting . L be equal to zero for the case of N =2, one can then obtain

i

(P ot=D,+7D,) +12(t, +8,) +3(t, +8,) + oy (-114,D, +31,D,) + 2b
b 23D, ’
(Mot )(-4D, +5D,) +2(1, +8)) +12(1, +8,) + 0, (24,D, —111,D,) + 8b
P = 23D, ’

The Jacobian matrix of p, withregard to t, is thus

doop| | 12 3
s ot ot | | 23D, 23D,
o | |2 12

or, Or, 23D, 23D,

When N = 3, one can obtain

(o, tR)(=6D, + 22D, +7D,) +46(t, +8,) +12(1, +8,) +3(1, +8,) — 0, (404,D, —126,D, —3¢,D,) + 2b
b 86D, ’
(P ot (12D, + D, +14D,) +6(t, +8,) + 24(t, + 8,) + 6(T, +8,) + 0, (64,0, =19¢,D, + 61,D,) + 4b
P 43D, ’
b= (c®+ alt(f )(—4D, —14D, +19D,) + 2(t, +6,) +8(t, +8,) +45(1, +8,) + 0, (2t,D, + 8¢,D, —41¢,D,) + 30b
o 86D, '

The Jacobian matrix of p, withregard to t, is thus

op, Op, Op 23 6 3
o1, o, Ov,| | 43D, 43D, 86D,
S| @, ap || 6 23 6
ot, o1, ot,| |43D, 43D, 43D,
op, Op, Op, 1 4 45
ot ot, ot | | 43D, 43D, 86D, |

(D.1)

(D.2)

(D.3)

(D.4)

(D.5)

By comparing the rows and columns of the Jacobian matrices respectively, one can

immediately obtain the results of Proposition 2.
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Appendix E: Proof of Proposition 3

When N = 2, the Jacobian matrices of t°° and t° with respect to waterway depth H, are

co co . n
o oy 0 1 nb, (a37\07\1(nH2)’)“"1+f,)+#2
Jeo _| Oy OH, | 4 yo,N(H,) (E.1)
on’ S| |17 D, (e ( H)’*'*'+f')+7f2 0 o
oH, oH, | |100 MMM T yon(H,) ]
o ] [ 2 o / -1l e £ )]
—| D, (A A (MH) " + f; )+ —2— D, (oA A (MH) ™ + f, )+
o oH oM, ) 500 n |( shor(MH,) fl) Ywﬂ"l(H1)2 1000 n 2( shody(NH) fl) szn(Hz)z (E 2)
o o || g 7 21 f, S
2 —— D, (oA (MH) "+ )+ —— | | D, (o kM (H,) T )
oH, oH, | |1000(" (oo (i)™ 4 1) yomH,)? ) 500" : (o )™+ 1) yon(H,)" ) |

When N = 3, the Jacobian matrices of t.° and t° with respect to waterway depth H, are

6’(('(7 8’(('() a‘r('l)
1 1 1
oH, oH, oH,

(’9’(;‘0 8’(;0 argn

J('l)=
oH, OH, oH,
al o
oH, OH, OH,
0 LI (ahoh, (A, )”f'+/‘)+7f2 0 (E3)
4 2 370" 2 1 YLOZT](HZ)z
1 ) ) 1 Ml g f
= —| D, (A (MH) ™+ f )+ —2— 0 —| D, (oA A (MH) T+ f )+ —22— ||
4[11 (o hgh (H )+ 1) YU’JI(H.)ZJ 4[n (b (L) 1) T
17 et f
0 D, (o A (NH,) ™" + f, )+ —2— 0
100[” , (kb (L) + 1) T
o’ o” ol
oH, ©oH, OH,
|3 o

0H, oH, oH,
5P o o
oH, oH, oH,
13

(E.4)
J

[HD. (“3}‘0}‘|(T'IH1 )y +f;)* /2 ] i[nDz (0‘:«)‘0}“1(111"12)7)’7l *./‘:)Jr /s ] = [nDs (%7‘0)‘1(‘1[13)%7' +f;)Jr )2

200 yom(H)* ) 500 oA, ) 200 ron(H,)’

= 1000(@' (etshohy(mH,) +‘f')+7w.n(H1)zJ IO(nDz(azxnk\(nHz) +f‘)+yw2n(Hz)2] 125 [nDz(agkﬂMnH,) +ﬁ)+ym1n(H3)zJ .
LD, (o ) )L el () D o ) )
s00( TR U em,y ) 15| R Y yom(,)? ) 250 R e ()

By comparing the rows and columns of the Jacobian matrices respectively, one can

immediately obtain the results of Proposition 3.
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Appendix F: Proof of Proposition 4

When N = 2, the Jacobian matrices of p° and p/° with respect to waterway depth H,

are as follows.

D, fiyo,(nH,)* + f,
PO ape 1 Syo(MH )"+ f,

e v | 11 L 0
Jeo _ OH, 0H, _ 25ywln(Hl)le _EDIGS}‘O}"IV(’%(“HI)‘ " F1
Yo ar 7 PN (ED)
o | |l [PfvemE) S ) -12  [Dafye,(E)
1 ’ ZSOOYwIn(H')Z D, JrDZOtS}"U}“ly(Dl (nHl)lih 257‘”2“(["[2)2 D, *DZQQ\«()}HVUJz(nHz)PM
D, H,)*+f,
apm apm —712 11./;}’001(7] D, 773 szlymz(nHz)erfz
af', 01; 25yon(H,)* D, —EDIaBonlyml(nHl)"kl 250 ,n(H,) D, | +D,01 A yo,(nH,)' ™
g _ 1 2| _ . (F 2)
P pP ) . oy )
TIZ Ti} 2 (DfyemH) 1, -2 DZIJ;Y“’Z (H) 41,
I : 25')/(DIT](H1)2D2 +Dla37\‘07\‘lyml(nH1)lill 25'YOJZT'|(H2)2 DZ 7ED20~3}\40}\~1Y032 (ﬂHz)H'

When N = 3, the Jacobian matrices of p° and p/” with respect to waterway depth H,

are as follows.

ap° op® ap”
oH, ©oH, OH,
aps?  apy?  opl?
oH, ©oH, OH,

Jo =

ops? op’ o’
OH, 0H, oH,
43 D, fryo,(nH, )+, -3 D, fiyo,(WH,) + f, 0 (F3)
100yo(H,)* Dy | -nDyahh yo,(nH)'™ ) 10000y0,n(H,)* D, | +D,0,kk v, (MH,) ™

» D, frye,(WH,)' + f,
= 0 —— 2 , 0
50yo,n(H,)" D, *EDZLIJ"MY%(HHZ)'
0 -1 D, fryo,mMH,)* + £, -43 D, fiyo,(H,)* + f,

L 2500y0,M(H,)* D; \ +Dyah ok y0,(H,)' ™ ) 100y0n(H,)* D, | ~Dyadh yo,(mH,) ™ )|
aplm 0]),]0 ap]/o
oH, 0H, OH,
g _| o sl ap
oH, 0H, oH,

ol ol ap
OH, 0H, oH,

—43 D, fiyey (T]Hx)z+f; -3 D, fiyo, (T]Hz)z +/ -1 D;f;ymx(on)z +/1 (F‘4)
1OOYG“)ITI(I—II)ZDI _Dlazxnxlyml(nHﬂlw zsywln(HZ)le +Dza37‘07‘17032(nH2)‘7)“ 25Ym1n(H1)ZDI +Dxa;7‘ﬂk|7mx(on)FM

3 [le]‘/w](nH.)szg J 0 [D;f.‘/mg(m‘lz)z+fZ ] _ [Dg.fﬂwg(nﬁg)zﬁfz J

—_— | ] 2 ; "
25yon(H,)* D, \ +Dya A hyo,(WH,)' ™ | 50yo,n(H,)* D, —EDZOL;MMY%(HHZ)' M 5070 (H,) D, ( +Dyah ko, (NH,) ™
-1 Dy fiyo,(WH,)* + f, -2 D, fiyw,(MH,)' + £, -43 D, fyo,(H,)* + f,
L SOYQW(HJZD:. "’D|(7~37"u}"|“/("’1(nH])Ii'M ZSszn(Hz)ZDJ +D:0!37»07»|YCUQ(T]HZ)FM IOOwan(HJ)ZDJ *DJ(X;)LO)HYCOJ(HHQFM ]

By comparing the rows and columns of the Jacobian matrices respectively, one can
immediately obtain the results of items (i) and (ii) in Proposition 4, together with

D, fiyo,(nH,)’ + f,
Do Aok yo,(nH, )HLl

dp,/0H ; <0 if and only if

47



Appendix G: Proof of Proposition 5

The first-order partial derivatives of SW,° and SW,” with respect to waterway depth H,

are as follows.

(1) For coordinated regime

When N=2,
—hy -] - 13f’? CO
) D, (11a i A, (nH,) ™" +13f, ++]Q .
N A Hn (Hak e ) vom#H,)* )~ o S oa e 245 )|
- +(p{?D,=8)| D, (250 hoh (A 24 £,)+ |- >0,
oH,  50(c mmt 25 yon(H,) G.1)
ST 4 [(yeop —5)(nD (Baggh, i) +12£) e — 22|l <o,
oH, 50(ck+a,l(f) 1 1 2 3o 2 1 szn(Hz)z
o (nD\ (ot 1) S ]Qf“ o
A 9 yonli, co -1 J2
P +2 D, -38,)| nD, (7o, (NH) ™™ +6f, )+ <0,
oH, 50(c"+a,t{f)t 2500 (P2 D: _)[n \(Touhi ) /) Ymm(H.)zj
w HnDz(lzazxox,mHa”*"+Bf1)+%]g;‘“ b (¢2)
Ll - YOI ) 30p60D, ~5)| b, (1o ) ' 12 )+ — 22|y s,
oH,  50(c +ot,t0)t 25 yo,n(H,)
When N =3,
Y X 57/, o
) D, (43ah ok (H) T +57 )+ 22 |0
o [n \ (43001, (NH, 1 o | A
LA - ( PO )y (oD, =8 b, (ST () 4431 ) s — |y s,
oH,  100(c +a,r(,)t 100 yom(H,)
- (3(71132(0@0?».(11112)’“4+.ﬁ)+7w e )szr‘o n (G3)
(. (- LU +(p{7D, =8))| D, (290, Mk, (NH,) " +22f; )+ —=2— | | <0,
oH, 100(c +altn)t 10000 yon(H,)
OSVVILU B
oH,
. X . X 43,
D, —8,)| nD, (5Takoh, (H,) "™ +43 1)+ 2
aswee ) 9,(py" D, _)(n |( shohi(MH,) /1) ‘IUJIU(HI)Z]<O
oH, 200(c” +o,t)
S 281, o
y nD, (2loud h, (H,) " +28 )+ ——22— | Of
aswy” 4 ([ YoN(H,) co ey 881,
2 - = + D, -38,)| nD, (116a A, (MH,) " +88f, |+ ——2— | |-, >0,
OH, 200(L‘R+(x,t‘f)t 50 (P2 D;=8)( '( oo () /') yo,n(H,)" H (G4)
o 490(ps?D, =8,)| nD, (57"“37‘07‘1("1"13)4'7' *431;)+L£v]
aswye ) vont) )
OH, 200(c® +otf)
HSVVfO -0
OH, ’
), —] / CO
i} 0.04(nDz(ajk0h,(nHz) M ‘+f1)++zjgj
Ay CO _ H g y
WIWE 1ML T 2D, 5| b, (2901, ity e 22— 2L <o
oH,  200(c" +0,18) 100 yo,n(H,) (G 5)
~1-1 57./[1 CO
[an(qunx,(nH\) +57/)+ > |0 .
oW 4 o) H(pEOD, =8| D, (171 () 4129 £ )+ — 2Ly, 50,
OH,  200(c" +0a,8) 100 ’ ’ yo,n(H;)"

(2) For independent regime
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When N=2,

e 13, m
nD, (1o A (mH,) ™ +13f, +7'ZJQ
asw? _ 9 H (e ut ) von(H)’ +2(p{”D, - 8)| D, (1302, (NH,) ™ ‘+11f')+71 1 —, >0,
aH, 50(c"+a,z§)t 25 R L ey )| T
. (G6)
3| 0D, (st (MH) 7+ ) + %JQ”’
oS _ ( ) YN )™ o~ (4o () 437, )4 —2 || <0
6HZ SO(C +(L[ )L 25 1 1 1 2 370 2 1 YO)ZT](HZ)Z
e |t )l or Y
oSw, yon n )
2 2pP D, -8,)| nD, (4o hh (H,) " 43 1)+ —2 | | <0,
oH, 50(c oyl )L 25 e D, _)[n (e nffy f')+vw.n(H.)2] )
13, (G7)
s _ ([ (Hap b (uft ™ 4137) ¢ fﬁl)’}gf 1/,
; yo,n(H,)’ P s el 11 g 8
2 3(pPD, -8,)| MD, (130 A (H,) ™ +11f )+ ——2— | |- )
T W")L > +3(p)°D, ,)[n , (13012 (nH) ' + f')szn(Hz)J >0
When N=3
b
- 57/, D
D, (43c, kA (MH,) " +57 1, +7Z]Q
aswmP g H (430 (0 ) ronH) )~ +(pID, =8| D, (Sloh by (nH,) 7 +371,) + +—3h Iy 50
oH, 100(cR+a,t(f)t 100 ' Y lyem@)y )| T
s lz[nDz (%MM(HHZ)’?""' + f])*%]gﬂ) 10,
1 9 Yo,ni, ) n -1 .
- +(pPD,-38,)| nD, (17ahh (MH,) " +10 £ )+ ——22— | | <0
o, 100(cR+u,t0R) 100 (P D, |)[n z( ahoh (MH,) + fl)+szT](Hz)zJ <4, (G.8)
aswP ({nD’(“"x‘)}“'(ﬂﬁz)’l"'*fi)Jr f(H )zj 3 f
1 ~4 YoM, n -1
- 3(p°D,—8,)| nD; (cshoh, (NH,) ™ —
oH, 100(ck+altﬂk)t 100 3D, ')[” s (ehot (1H) +f')+ym3n(H3)z) <0
3SWZID 9o -1 fv D D 21 21f
= 16| nD,(asroh,(mH,) ™ — D, -8,)| D, (35ah ok, (H,) " +21f)+——L2— | | <0,
o, 200 o O (oot +')C‘)Jrvmm(Hlf H (D, =8| 1D (35l (nff )+ f')+vw.n(H1)‘ <0
. 28, »
D, (21a,h A (nH,) ™ +28 +7J
0SW2’D - @ ([ﬂ z( shoM (N, fl) Ton(H,)’ 0, ” ) - ‘ 687,
=—h +(p’D;=8,)| MD, (960 hy (NH) ™ +68f; )+ ——2— |-, >0,
0H,  200(c +a,to)t 50 Yo,n(H,) (G 9)
» 7(11133 (az}‘o}”|(nH3)i;"il Jrf|) L. ] )
oW,” . 4 yon(H,) +(pl"D, -8,)| nD, (33021, (nH )"-"‘+19/')+L <0
oH, 200(c"+a1t§)t 50 2 T TR AT T yom(H,)? ’
e £ »
2 D, (askoh (MH) 7+ )+ ——=2— |0}
osw” 4% ( yon(H,)* » G £
= D, ~5,)| nD, H)™ —
PR o +6(py" Dy =3,)| D, (askohy (NH,) +f,)+ymm(Hl)2 <0,
] fa 1D
8| D, (kb (H,) 7 + £ )+ —22— | 0!
osw” 4 [ 0 : yo,n(H,) » G 104,
= = = 2 D, -3, D, (170, kA (NH,)™ —_—2
oH, 200(c" + 1) 100 +2(ps D;=85)| 2( Ahody(NH) +10'fl)+Y(DZT|(H2): <0, (GIO)
57/, i
nD; (430 b (MH ) 457 ) + ol
osw;” 49, ([ yon(H,)® » />
= - - D, D, (1 H, gl 11 = .
e 200(ck+a\t§)t o0 +(pD, ~8,)| D, (157ah gk, (MH,) ™ +115 1)+ Tom) [ >0
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