
AUT Journal of Civil Engineering

AUT J. Civil Eng., 6(1) (2022) 83-104
DOI: 10.22060/ajce.2022.20732.5775

Analysis of Competition between Maritime and Multimodal Land-Sea Shipping in an 
International Freight Transportation Market
E. Salehi1, A. H. Allafeepour1, M. Tamannaei1 , K. Tavassoli2

1 Department of Transportation Engineering, Isfahan University of Technology, Isfahan, Iran.
2 Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, Netherlands.

ABSTRACT: Transportation, an integral element in international economic dynamics, plays a 
key role in both goods and service supply chains. This paper presents a game theoretic approach to 
the competition between maritime and multimodal (land-sea) freight forwarding companies in an 
international freight transportation market. Two scenarios of railway systems are considered: flexible and 
inflexible systems, whose difference lies in their capability of an immediate reduction in delivery time 
through swift infrastructural and operational improvements. The competition is modeled for each system 
and the effects of different policies are assessed through parametric and numerical analyses, yielding 
insightful results. It is found that with the improvement of the railway infrastructure and schedule, the 
equilibrium prices rise and fall, respectively, for the multimodal and maritime freight forwarding agents. 
Also, the analysis of changes in waterway tolls and rail access charges shows that if the government’s 
purpose boosting customer satisfaction by reducing waterway tolls or rail access charges, which results 
in reduced equilibrium delivery price and time, they prefer the inflexible scenario over the flexible one. 
Therefore, counterintuitively, the flexibility of railway systems poses a serious challenge to governments 
when endeavoring to favor customers. The findings of the research provide a firm ground whereon 
transportation managers, policy makers, and service providers can make decisions more confidently in 
competitive freight transportation markets.
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1- Introduction
Transportation, an integral element in international 

economic dynamics, plays a key role in both goods 
and service supply chains. Improving the efficiency of 
transportation systems is a crucial step to be taken toward an 
effective and highly competitive supply chain. With this end 
in view, shipping companies are inclined to adopt integrated 
transportation understanding its marked potential for reducing 
supply chain costs [1-3].

Maritime transportation is conceived of as the backbone 
of global trade given the key role it plays in the international 
movement of cargo [4]. With the globalization of economies, 
there has been an ever-increasing demand for intercontinental 
container shipping, economically benefitting countries that 
control international ports or waterways [5, 6]. This growth 
has been, by a large measure, owing to the progressive 
reduction in maritime shipping costs (compared to other 
modes of transportation), the gradual improvements in its 
speed of delivering large merchandise, and the security of 
deliveries. 

Maritime transportation now moves approximately 80% 
of the international freight volume [7], while contributing 
less than 3% to the total global anthropogenic carbon emis-
sions [8]. The presence of more than one alternative for ship-
ping goods between origins and destinations often results in 
direct competition for attracting demand in a freight transpor-
tation market.

It is well-known fact that a manufacturing/distribution 
company is unable to survive the fierce competition in the 
freight transportation market unless it offers shipping ser-
vices with competitive prices and delivery time [9]. Rail-
way transportation offers an ideal potential for developing a 
complementary mode to maritime transportation [10]. This 
multimodality brings about a more competitive alternative to 
maritime transportation alone in terms of delivery time and 
flexibility [11]. 

Freight forwarding agents compete on the global stage to 
maximize their profits by attracting freight demands. These 
agents might utilize different modes of transportation to carry 
their share of freight through different international corridors, 
e.g. maritime, rail, road, air, or a combination of these modes 
which we refer to as multimodality [12].

In addition to the freight forwarding agents, countries 
that are situated along international freight corridors also 
benefit economically from the freight transported through 
these corridors [13]. Consequently, they are willing to pro-
vide incentives such as subsidies and discounts to increase 
the customers’ utility and attract more of this traffic. Thus, 
customer satisfaction is a major factor to be taken into ac-
count by local governments as well as competing agents. Ji-
ang, Li, Hua and Ru [14] studied governmental strategies for 
allotting subsidies to different modes in a multimodal trans-
portation system. They analyzed the efficiency of these subsi-*Corresponding author’s email: m.tamannaei@iut.ac.ir
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dies in the performance of multimodal transportation service 
providers under a Stackelberg game. Their findings suggest 
that logistics companies, producers, and freight forwarding 
companies find the highest profit, respectively, in transporta-
tion infrastructure subsidies, tax incentives, and international 
cooperation policies. 

Various studies have been conducted on multimodal 
freight transportation. SteadieSeifi, Dellaert, Nuijten, Van 
Woensel, and Raoufi [15] presented a structured review of the 
literature on multimodal freight transportation that classifies 
problems into three levels: Strategic, tactical, and operational. 
With a time-cost-distance approach, Regmi and Hanaoka [16] 
assessed the performance of intermodal transportation corri-
dors in North-East and Central Asia and identified the issues 
and challenges of their development and operation. Carrying 
out demand elasticity analysis, Beuthe, Jourquin, Geerts, and 
à Ndjang’Ha [17] analyzed the freight transportation market 
in the multimodal transportation network of Belgium regard-
ing roadway, railway, and maritime modes. Vural, Roso, 
Halldórsson, Ståhle, and Yaruta [18] investigated the poten-
tial of different digital tools in mitigating barriers to increas-
ing the utilization of intermodal transport. Jiang, Qiao, and 
Lu [19] analyzed the impacts of the New International Land-
Sea Trade Corridor (a trade and multimodal transport corridor 
jointly built by the western Chinese provinces and the ASE-
AN countries) on the freight transportation in the countries 
involved. Using a multinomial logit model, they modeled the 
choice behavior of freight owners and calculated the market 
share of the corridor. Tamannaei, Zarei, and Rasti-Barzoki 
[20] analyzed competition between road and intermodal road-
rail transportation systems with consideration of government 
intervention. They found that improvements in the energy ef-
ficiency of the transportation systems may lead to adverse 
social and environmental impacts, which can effectively be 
eliminated by the government intervention.

Several factors are decisive in shipping companies’ ser-
vice quality and customers’ harbor selection; some scholars 
have scrutinized the ones that are shown to be important to 
the customers. Slack [21] delved into the criteria that freight 
shippers consider when selecting harbors, having focused on 
the container traffic between the North American Mid-West 
and Western Europe. The results indicate that price, distance 
from the harbor, heavy traffic, multimodal relations, and sev-
eral deliveries are relative of higher priority than other fac-
tors. Wang, Meng, and Zhang [22] developed three-game 
theory models for analyzing the competition between two 
maritime freight transportation firms for attracting demand in 
new markets. The results show that the players profit better 
in a Stackelberg equilibrium. Jiang, Fan, Luo and Xu [23] 
established a Stackelberg game theoretical model for sequen-
tial port competition in multimodal network design. It was 
found that reliability and large-scale freight shipment are the 
key factors for choosing multimodal transport. Tamannaei, 
Zarei, and Aminzadegan [24] addressed the pricing problem 
in a freight transportation market wherein a multimodal (rail-
road) service provider competes with a mono-modal (road) 

company. It is found that higher rates of tax on fuel consump-
tion do not necessarily contribute toward a more sustainable 
transportation market. Mommens, van Lier and Macharis [25] 
used an agent-based model to quantify multimodal choice 
possibilities for five commonly used cargo types. The results 
suggested that the potential for a modal shift varies greatly 
between the considered cargo types, given that the sensitivity 
of the modal split to changes in shipping costs varies accord-
ing to the cargo type used.

To the best of our knowledge, no study has comprehen-
sively addressed the effects of different policies on the com-
petition between maritime and multimodal freight transporta-
tion in an international market. In this paper, we endeavor to 
bridge this gap having adopted a game-theoretic approach. 

The remainder of this article is organized as follows. 
The problem of concern is described in Section 2; regarding 
two railway flexibility scenarios, the competitive market of 
freight transportation is modeled in Section 3; the equilibrium 
solutions are revealed in Section 4; the effects of different 
technical and economic policies are assessed in Section 5, 
and the article is ultimately concluded in Section 6.

 
2- Problem description

A given tonnage of freight (Q ) needs to be transported 
between two given points. There are two distinct freight for-
warding agents available for the freight owners to choose 
from: maritime and multimodal freight forwarding agents. 
In the maritime transportation system, the freight is loaded 
onto a ship at the origin, and after traversing the sea, it is 
delivered to the customer at the destination. In a multimodal 
system, railway infrastructure is also utilized in addition to 
maritime transportation; i.e., the freight is initially loaded 
onto a ship at the origin and then, having traversed the sea 
up to an intermodal transshipment terminal (a seaport into 
which a railway station is integrated), it is transshipped from 
the ship to freight trains. Not to mention this terminal which 
incorporates a railway station from which the destination is 
accessible on the railway network—is regarded by the multi-
modal freight forwarding agent as the most efficient (to ship 
this specific freight through) among other alternatives alike. 
The freight of concern is then carried through the railway 
infrastructure to the destination where it is delivered to the 
customer. The freight owner’s choice is a function of differ-
ent parameters including delivery time and cost [26-28]. The 
aforementioned agents compete to maximize their profits by 
attracting a larger share of freight demand for the given ori-
gin-destination pair. Fig. 1. depicts the two competing modes 
considered as agents in this game.

There are two scenarios considered in this paper depend-
ing on the railway infrastructure conditions. In Scenario 1, 
the flexible system scenario, the railway system is capable 
of swift improvement and, as a result, immediate reduction 
of delivery time is possible (as in railway systems that are 
of high-quality infrastructure and scheduling). Conversely in 
Scenario 2, the inflexible system scenario, the railway system 
is incapable of swift improvement and immediate reduction 
of delivery time is infeasible (as in railway systems that are 
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of low-quality infrastructure and scheduling).Fig. 2  demon-
strates the differences between these two scenarios in further 
detail.

3- Model formulation
To formulate the competition of concern, the following 

nomenclature is first introduced.
The following assumptions are considered:
A1. All parameters are non-negative.
A2. Delivery time and price, as well as the de-

mand function of both modes, are non-negative                                                                                      
( { }0, 0, 0 ,i i it p q i M H> > > ∀ ∈ ).

A3. Ships and trains consume different types of fuel.
A4. To ensure the convexity of profit functions, the ex-

pression 2

4
t

H
p

βλ
β

>
 constantly holds.

A5. The rate of fuel consumption per tonkilometer is low-
er in ships than in trains ( M Hθ θ< ).

A6. For both price and delivery time, the sensitivity 
of demand is higher than the cross-sensitivity of demand                           
( ,p p t tβ γ β γ> > ); i.e., the demand for one mode is more 

sensitive to the changes in its delivery price and time than to 
those of its competitor’s [29-32].

The total demand for freight shipping (Q ) is assumed a 
fixed value and equals the sum of demand for both modes:

h mQ q q= +  (1) 
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The demand of each mode is considered a linear function 
of its delivery price and time over and above its competitor’s 
delivery price and time, as assumed in previously published 
studies [33-36]. Consequently, the demand function of multi-
modal shipping ( Hq ) is calculated as follows:
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Obviously, the demand function of maritime shipping ( Mq ) 
then equals the subtraction of multimodal shipping demand 
from the total demand ( M Hq Q q= − ).

 
 

Fig. 1. The two competing modes considered as the agents in this game. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. The two competing modes considered as the agents in this game.

 
 

Fig. 2. Differentiation between Scenarios 1 and 2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Differentiation between Scenarios 1 and 2.
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Table 1. List of notations. 
Table 1. List of notations. 

 
Indexes and parameters 

i  Index notation of the shipping mode (i=M for maritime shipping and i=H for multimodal shipping) 

Q  Total demand for freight shipping between the given origin and destination (tonne) 

M  Fuel consumption rate of ships (lit/tonne.km) 

H  Fuel consumption rate of trains (lit/tonne.km) 

H  Base market share of multimodal shipping (tonne) 

p  Sensitivity of demand for multimodal shipping concerning its price 

t  Sensitivity of demand for multimodal shipping concerning its delivery time 

p  Cross-sensitivity of demand for multimodal shipping concerning the price of maritime shipping 

t  Cross-sensitivity of demand for multimodal shipping concerning the delivery time in maritime shipping 

Mt  Delivery time of maritime shipping (hr) 

iD  The shipping distance in mode i (km) 

d  The ratio of distance that the multimodal shipping traverses by ships (0<=d<1) 

H  Coefficient of investment cost for reducing multimodal delivery time by one unit 

Hf  Train fuel cost ($/litre) 

Mf  Cost of ship fuel ($/liter) 

HA  Railway access charge ($/ton.km) 

MA  Total waterway toll ($/ton) 

ic  The operational cost of delivering a unit of freight by mode i ($/tonne) 

Ht  Delivery time of multimodal shipping in the status quo (hr) 

Decision variables 
*

ip  Equilibrium delivery price of delivering a unit of freight by mode i ($/tonne) 
*

Ht  Equilibrium delivery time of multimodal shipping (hr) 

Dependent variables 

Mc  The total cost of delivering a unit of freight in maritime shipping 

Hc  The total cost of delivering a unit of freight in multimodal shipping 

Demand and profit functions 

iq  Equilibrium demand function of mode i (tonne) 

i  Equilibrium profit function of mode i 

Abbreviations 

1Sc  Scenario 1: Flexible railway system 

2Sc  Scenario 2: Inflexible railway system 
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In this paper, monetary costs of multimodal shipping—
other than rail fuel cost, rail access charge, and waterway 
tolls—are referred to as operational costs and encompass 
monetary expenses incurred by wage, maintenance, trans-
shipment, loading at origin, and unloading at destination. The 
total cost of multimodal shipping, therefore, includes fuel, 
rail access charges, and operational costs. The total cost of 
maritime shipping includes fuel, international waterway tolls, 
and operational costs (i.e., wage, maintenance, loading at ori-
gin, and unloading at destination). Fuel cost for either mode 
is a function of the fuel consumption rate of the respective 
mode, shipping distance, and fuel cost.

The profit functions of each mode are as follows:h mQ q q= +  (1) 

H H p H p M t H t Mq P P t t    = − + − +  (2) 

(1 )

(1 )
H H M M H H H

HH H

C dD f d D f

A d D c

 = + − +

− +
 (3) 

  

M M M M M MC D f A c= + +  (4) 
2( )* ( )H H H H H H Hp c q t t = − − −  (5) 

( )*M M M Mp c q = −  (6) 

2

( )

( (( 1)(

) )) ( )

H H H p H t M p M t

H H H

H H H M M H H H

p t p t

c p D d

A f df t t

     

  

= − − + +

− + + −

+ − − −

 (3) 

  
( )

( ( ) )
M H H p H t M p M t

MM M M M M

Q p t p t

A c p D f

     



= − + + − −

− + + −
 (4) 

,
max ( , , )

max ( , , )
H H

M

H H M Ht p

M H M Hp

p p t

p p t









 (5) 

2

,1
2

( ( ( ( 1)( ) ))

2 ( ( )

2 ( ( 1 ) ( ))
(2 )))

6

Ht H H H H M M

H MH H t M p M t

Hp H H H H

M M H p M psc
H

t p H

c D d A f df

Q t A c t

c d D A f
f dD D

p

  

    

 

  
  

+ − − + + −

+ − + + + +

− − + + +

+
=

−
 

(6) 

  

2

,1
2

( ( ))

2 (2

2( )

( ( 1)( ))
( 2 ))

( 6 )

Mt p M M M

Hp H H t

MM p M t

Hp H H H H

M M H p M psc
M

p t p H

Q c D f

Q t

A c t

c D d A f
f dD D

p

  

   

 

 

  
   

+ + −

− + +

+ − +

− − + +

+
=

−
 

(7) 

,1
2

( ( )

( ( 1 ) ( )

( )) 6
6

Mt H M p M t

Hp H H H H

HM M H p M p p Hsc
H

t p H

Q A c t

c d D A f

f dD D t
t

   

 

    
  

+ + + + +

− + − + + +

− + −
=

−
 

(8) 

,1
2

2 ( ( )

( ( 1 ) ( )
( ))

6

H Mp H H t M p

HM t p H H H H

M M H p M psc
H

t p H

Q t A c

t c d D A f
f dD D

q

    

  

  
  

+ − + + +

+ − + − + + +

− +
=

− +
 

(9) 

 (3)

h mQ q q= +  (1) 

H H p H p M t H t Mq P P t t    = − + − +  (2) 

(1 )

(1 )
H H M M H H H

HH H

C dD f d D f

A d D c

 = + − +

− +
 (3) 

  

M M M M M MC D f A c= + +  (4) 
2( )* ( )H H H H H H Hp c q t t = − − −  (5) 

( )*M M M Mp c q = −  (6) 

2

( )

( (( 1)(

) )) ( )

H H H p H t M p M t

H H H

H H H M M H H H

p t p t

c p D d

A f df t t

     

  

= − − + +

− + + −

+ − − −

 (3) 

  
( )

( ( ) )
M H H p H t M p M t

MM M M M M

Q p t p t

A c p D f

     



= − + + − −

− + + −
 (4) 

,
max ( , , )

max ( , , )
H H

M

H H M Ht p

M H M Hp

p p t

p p t









 (5) 

2

,1
2

( ( ( ( 1)( ) ))

2 ( ( )

2 ( ( 1 ) ( ))
(2 )))

6

Ht H H H H M M

H MH H t M p M t

Hp H H H H

M M H p M psc
H

t p H

c D d A f df

Q t A c t

c d D A f
f dD D

p

  

    

 

  
  

+ − − + + −

+ − + + + +

− − + + +

+
=

−
 

(6) 

  

2

,1
2

( ( ))

2 (2

2( )

( ( 1)( ))
( 2 ))

( 6 )

Mt p M M M

Hp H H t

MM p M t

Hp H H H H

M M H p M psc
M

p t p H

Q c D f

Q t

A c t

c D d A f
f dD D

p

  

   

 

 

  
   

+ + −

− + +

+ − +

− − + +

+
=

−
 

(7) 

,1
2

( ( )

( ( 1 ) ( )

( )) 6
6

Mt H M p M t

Hp H H H H

HM M H p M p p Hsc
H

t p H

Q A c t

c d D A f

f dD D t
t

   

 

    
  

+ + + + +

− + − + + +

− + −
=

−
 

(8) 

,1
2

2 ( ( )

( ( 1 ) ( )
( ))

6

H Mp H H t M p

HM t p H H H H

M M H p M psc
H

t p H

Q t A c

t c d D A f
f dD D

q

    

  

  
  

+ − + + +

+ − + − + + +

− +
=

− +
 

(9) 

 (4)

h mQ q q= +  (1) 

H H p H p M t H t Mq P P t t    = − + − +  (2) 

(1 )

(1 )
H H M M H H H

HH H

C dD f d D f

A d D c

 = + − +

− +
 (3) 

  

M M M M M MC D f A c= + +  (4) 
2( )* ( )H H H H H H Hp c q t t = − − −  (5) 

( )*M M M Mp c q = −  (6) 

2

( )

( (( 1)(

) )) ( )

H H H p H t M p M t

H H H

H H H M M H H H

p t p t

c p D d

A f df t t

     

  

= − − + +

− + + −

+ − − −

 (3) 

  
( )

( ( ) )
M H H p H t M p M t

MM M M M M

Q p t p t

A c p D f

     



= − + + − −

− + + −
 (4) 

,
max ( , , )

max ( , , )
H H

M

H H M Ht p

M H M Hp

p p t

p p t









 (5) 

2

,1
2

( ( ( ( 1)( ) ))

2 ( ( )

2 ( ( 1 ) ( ))
(2 )))

6

Ht H H H H M M

H MH H t M p M t

Hp H H H H

M M H p M psc
H

t p H

c D d A f df

Q t A c t

c d D A f
f dD D

p

  

    

 

  
  

+ − − + + −

+ − + + + +

− − + + +

+
=

−
 

(6) 

  

2

,1
2

( ( ))

2 (2

2( )

( ( 1)( ))
( 2 ))

( 6 )

Mt p M M M

Hp H H t

MM p M t

Hp H H H H

M M H p M psc
M

p t p H

Q c D f

Q t

A c t

c D d A f
f dD D

p

  

   

 

 

  
   

+ + −

− + +

+ − +

− − + +

+
=

−
 

(7) 

,1
2

( ( )

( ( 1 ) ( )

( )) 6
6

Mt H M p M t

Hp H H H H

HM M H p M p p Hsc
H

t p H

Q A c t

c d D A f

f dD D t
t

   

 

    
  

+ + + + +

− + − + + +

− + −
=

−
 

(8) 

,1
2

2 ( ( )

( ( 1 ) ( )
( ))

6

H Mp H H t M p

HM t p H H H H

M M H p M psc
H

t p H

Q t A c

t c d D A f
f dD D

q

    

  

  
  

+ − + + +

+ − + − + + +

− +
=

− +
 

(9) 

 (5)

h mQ q q= +  (1) 

H H p H p M t H t Mq P P t t    = − + − +  (2) 

(1 )

(1 )
H H M M H H H

HH H

C dD f d D f

A d D c

 = + − +

− +
 (3) 

  

M M M M M MC D f A c= + +  (4) 
2( )* ( )H H H H H H Hp c q t t = − − −  (5) 

( )*M M M Mp c q = −  (6) 

2

( )

( (( 1)(

) )) ( )

H H H p H t M p M t

H H H

H H H M M H H H

p t p t

c p D d

A f df t t

     

  

= − − + +

− + + −

+ − − −

 (3) 

  
( )

( ( ) )
M H H p H t M p M t

MM M M M M

Q p t p t

A c p D f

     



= − + + − −

− + + −
 (4) 

,
max ( , , )

max ( , , )
H H

M

H H M Ht p

M H M Hp

p p t

p p t









 (5) 

2

,1
2

( ( ( ( 1)( ) ))

2 ( ( )

2 ( ( 1 ) ( ))
(2 )))

6

Ht H H H H M M

H MH H t M p M t

Hp H H H H

M M H p M psc
H

t p H

c D d A f df

Q t A c t

c d D A f
f dD D

p

  

    

 

  
  

+ − − + + −

+ − + + + +

− − + + +

+
=

−
 

(6) 

  

2

,1
2

( ( ))

2 (2

2( )

( ( 1)( ))
( 2 ))

( 6 )

Mt p M M M

Hp H H t

MM p M t

Hp H H H H

M M H p M psc
M

p t p H

Q c D f

Q t

A c t

c D d A f
f dD D

p

  

   

 

 

  
   

+ + −

− + +

+ − +

− − + +

+
=

−
 

(7) 

,1
2

( ( )

( ( 1 ) ( )

( )) 6
6

Mt H M p M t

Hp H H H H

HM M H p M p p Hsc
H

t p H

Q A c t

c d D A f

f dD D t
t

   

 

    
  

+ + + + +

− + − + + +

− + −
=

−
 

(8) 

,1
2

2 ( ( )

( ( 1 ) ( )
( ))

6

H Mp H H t M p

HM t p H H H H

M M H p M psc
H

t p H

Q t A c

t c d D A f
f dD D

q

    

  

  
  

+ − + + +

+ − + − + + +

− +
=

− +
 

(9) 

 (6)

The expression 2( )HH Ht tλ −  in the profit function of 
multimodal shipping denotes the investment cost required to 
reduce The delivery time (as similarly assumed by Madani 
and Rasti-Barzoki [37]). Based on Eqs. (2), (3), and (4), profit 

functions can be rewritten as follows:
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Delivery time in maritime transportation is highly affected 
by marine weather conditions and thus measures taken toward 
improving it beyond our means; however, it is perfectly fea-
sible in multimodal shipping to reduce this time by improv-
ing its railway part through plans to enhance transshipment 
infrastructure, scheduling, and prioritization. Accordingly, a 
fixed value is considered for maritime delivery time ( Mt ), 
while multimodal delivery time ( Ht ) is considered a decision 
variable along with the multimodal ( Hp ) and maritime ( Mp
) delivery price. 

4- Equilibrium solutions
In Scenario 1, the values of decision variables are acquired 

simultaneously in Nash equilibrium, whereas in Scenario 
2, the competition follows a Stackelberg (leader-follower) 
structure wherein the multimodal delivery time (as the leader 
variable) is ascertained beforehand and then the equilibrium 
delivery prices of both modes (the followers) are attained in a 
Nash equilibrium (see Fig. 3).

   
Scenario 1: 

 Flexible railway system 
Scenario 2: 

 Inflexible railway system 
 

Fig. 3. Nash and Stackelberg game structures solved for Scenario 1 and Scenario 2, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 3. Nash and Stackelberg game structures solved for Scenario 1 and Scenario 2, respectively.
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4- 1- Scenario 1: Flexible railway system (Nash equilibrium)
The Nash equilibrium in Scenario 1 is modeled as follows:
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Lemma 1: Profit functions Hπ  and Mπ  are concave (as 
proven in the Appendix).). 

Theorem 1: The Nash equilibrium solutions for decision 
variables ( * * *, ,H M Hp p t ) as well as the demand and profit 
functions ( , , ,H M H Mq q π π ) in Scenario 1 are as follows.
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For both modes to survive the competition and remain ac-
tive in the market, equilibrium prices must be greater than 
the incurred shipping costs ( ,1 ,1,Sc Sc

H H M Mp c p c> > ). In ad-
dition, the values for multimodal delivery time ( ,1Sc

Ht ) and 
demand functions ( ,1 ,1,Sc Sc

H Mq q ) must be positive. To ensure 
this and other relational assumptions, the following relations 
must be established:
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4- 2- Scenario 2: Inflexible railway system (Stackelberg 
equilibrium)

The equilibrium delivery time of multimodal shipping (
*

Ht ) is initially determined as the leader variable in Scenario 
2 by solving the following:
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Subsequently, the equilibrium delivery prices ( * *,H Mp p
) are determined by simultaneously solving the following 
functions:

2

,1
2

( 2 2

( ) ( ( 1 )
( )) ( ))

6

Ht p H H t

M HM p M t p H

H H H M M H p M pSc
M

t p H

Q Q t

A c t c d D
A f f dD D

q

    

  

   
  

+ − + − +

+ + + − + − +

+ + − +
=

−
 

(10) 

2

2
,1

2 2

( 4 ) (

( ) ( ( 1 )

( )) ( ))
( 6 )

HH t p H H t

M HM p M t p

H H H H M M H p M pSc
H

t p H

Q t

A c t c d

D A f f dD D

     

  

   


  

− +  + − +

+ + + − + − +

+ + − +
=

−
 

(11) 

2

2
,1

2 2

( 2 ( 2

( ) (

( 1 ) ( )) ( )))
( 6 )

Ht p H H t

M HM p M t p

H H H H M M H p M pSc
M

p t p H

Q Q t

A c t c

d D A f f dD D

    

  

   


   

+ − + − +

+ + + − +

− + + + − +
=

−
 

(12) 

 

( ( 1) ( ))
( )

HH t M t

Hp H H H H

M M H p M p
M M

p

Q t t

c d D A f
f dD D

c A

  

 

  


− − + − +

− − + +

−
 −

 

(13)

2 2 (2

( ( 1)( ))
( ))

2

Ht p H H t

HM t p H H H H

M M H p M p
M M

p p H

Q Q t

t c D d A f
f dD D

c A

    

  

  
  

− +  − + −

+ − − + +

−
 −  

 

(14) 

   
   

* *max ( , , )
H

H H H Mt
t p p   (15) 

 

 
2

,2
2

( (( ( 1)( ) ))

3 ( ( )

2 ( ( 1 ) ( ))
(2 ))

9

Ht H H H H M M

H MH H t M p M t

Hp H H H H

M M H p M pSc
H

t p H

c D d A f df

Q t A c t

c d D A f
f dD D

p

  

    

 

  
  

+ − − + + −

+ − + + + +

− − + + +

+
=

−

(17) 

  
2

,2
2

( (( ) )

3 (2 2( )

( ( 1 ) ( ))
( 2 ))

( 9 )

Mt p M M M M

H Mp H H t M p

HM t p H H H H

M M H p M pSc
M

p t p H

Q A c D f

Q t A c

t c d D A f
f dD D

p

  

    

  

  
   

+ + + −

− + + + −

+ − − + + +

+
=

−

(18) 

  

max ( )

max ( )
H

M

H Hp

M Mp

p

p









 (16)  (20)



E. Salehi et al., AUT J. Civil Eng.,6(1) (2022) 83-104, DOI: 10.22060/ajce.2022.20732.5775

89

Theorem 2: The Stackelberg equilibrium solutions for 
decision variables ( * * *, ,H M Hp p t ) as well as equilibrium de-
mand and profit functions ( , , ,H M H Mq q π π ) in Scenario 2 are 
as follows:
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To ensure that both modes survive the competition and 
remain active in the market, and to ensure the satisfaction 
of other relations assumed, the following relations must be 
established:
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5- Policy analyses
In this section, we analyze the effects of multiple policies 

on delivery time and price, together with the demand and 
profit of maritime and multimodal freight forwarding agents. 
Five types of policies as below can be adopted by either the 
freight forwarding agents or the governments of countries 
situated along the respective international freight corridors.

Policy 1: Altering railway system flexibility 
Policy 2: Altering international waterway tolls
Policy 3: Altering rail access charge
Policy 4: Improving railway systems (infrastructurally 

and operationally)
Policy 5: Employing ships with low-consumption tech-

nologies
Two types of policy analysis are conducted in this section 

- parametric and numerical analysis. The numerical analysis 
is carried out for the case of the north-south international rail 
corridor. This corridor has two main branches: the east and 
the west branches. The west one includes four different wings 
(see Fig. 4) [38, 39]. These wings enter Iran from the northern 
and eastern borders  and then connect to India from Bandar 
Abbas port through the sea. In the present article, we have se-
lected one of the wings of the western branch as a case study, 
which passes through Turkey and Iran (see Fig. 4.2); hence, 
the numerical analysis is conducted on this wing. It should 
be highlighted that the mentioned wing of the north-south 
international rail corridor is not currently active due to the 
railway infrastructure disjunction, lack of some links, and the 
capacity problems of the railway network in Iran and Turkey. 
By completing these links, the corridor will be capable to be 
widely exploited, which makes it a main competing corridor 
for the maritime shipping corridor shown in Fig. 5. Hence, 
the competition between the two corridors, i.e., the maritime-
only corridor and the multimodal maritime-railway corridor 
(the western branch of the North-South international rail cor-
ridor) is addressed. The parameters are set based on the real-
world values reported in Table 2. The multimodal shipping 
agent delivers the freight at the Iran-Turkey border while the 
maritime shipping agent delivers it at the Port of Mersin. The 
freight owner is assumed to be situated at equal distances 



E. Salehi et al., AUT J. Civil Eng.,6(1) (2022) 83-104, DOI: 10.22060/ajce.2022.20732.5775

90

 
 

Fig. 4. The wings of the western branch of the North-South international rail corridor. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The wings of the western branch of the North-South international rail corridor.

from these points, where they do not mind picking up their 
freight at either the Iran-Turkey border or the Port of Mersin. 

In this case, the multimodal freight forwarding agent 
pays the Iranian government a fee—known as a rail access 
charge—for using its railway infrastructure. On the contrary, 
the maritime freight forwarding agent is charged two water-
way tolls, once by the Djiboutian government for passing the 
Bab-el-Mandeb strait and once by the Egyptian government 
at The Suez Canal.

The observed values of the decision variables in the real 
world are also provided in Table 3 whereby it is feasible to 
estimate other parameters—whose values are not recorded in 
the real world—using the minimum error method. The details 
of this method have been provided in the Appendix.

Corollary: The previously unknown parameters are then 

estimated and reported in Table 4.
. The error value of estimating these parameters equals 

0.07 (7%) which is insignificant and therefore acceptable.

Policy 1: Altering railway system flexibility 
Theorem 3: Given the aforementioned assumptions, the 

following relations are established between decision vari-
ables, demand functions, and profit functions in Scenarios 1 
and 2:
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Table 2. Reported values of the parameters for the real-world case of India Turkey corridor.Table 2. Reported values of the parameters for the real-world case of India-Turkey corridor. 
 

Reference Value Parameter 
www.trademap.org  Q  

English and Hackston [40] 0.005 liter/ton.km H  

  HD  

  MD  

Based on the case 0.55 d  
 Mc  
  Hc  

 480 hr Mt  

  MA  
  Hf

  Mf  

English and Hackston [40] 0.0037 liter/ton.km M  

 0.01 $/ton.km HA  

Assumed 20 million tons H  
Assumed 432 hr Ht  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4. Estimated values for unknown parameters us-
ing minimum error methodTable 4. Estimated values for unknown parameters using minimum error method 

 
Estimated values Parameter 

312077 p  

302298 t  

282850 t  

71612 p  

95661 H  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. The observed real-world values of the decision 
variables (source: www.searates.com).

 
 

Table 3. The observed real-world values of the decision variables (source: www.searates.com). 
 

Decision variable Observed real-world values 

Mp  175 $/ton 

Hp  180 $/ton 

Ht  384 hr 
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There are two alternatives to be examined when consider-
ing this policy: 1. Improving railway system flexibility; 2. The 
do-nothing alternative (remaining in the inflexible condition).

Alternative 1: Improving the railway system in terms of 
flexibility brings about a reduction in the equilibrium delivery 
time of multimodal shipping which shifts the demand toward 
this mode. Accordingly, the equilibrium prices of maritime 
and multimodal shipping decrease and increase, respectively. 
This improvement, counterintuitively, cuts the equilibrium 
profit of both competing modes and not just maritime ship-
ping. The underlying logic of this is that such an improve-
ment entails heavy investment costs which reduce the equi-
librium profit of the multimodal shipping agent concerning 
its pre-improvement, inflexible state. Therefore, it can be in-
ferred that the upgrade from an inflexible railway system to 
a flexible one (a transition from Stackelberg Equilibrium to 
Nash Equilibrium) is unfavorable to both competing freight 
forwarding agents.

Alternative 2: Doing nothing toward improving railway 
system flexibility is favorable to both competing freight for-
warding agents as it prevents loss of profit. However, custom-
ers are less satisfied by the maritime shipping service due to 
its higher price compared to when alternative 1 is adopted; 
yet they prefer maritime shipping over multimodal shipping 
given that they find lower utility in the latter as a result of its 
increased delivery time. 
To conclude, it is more profitable for both freight forwarding 
agents to compete in the Stackelberg game (Scenario 2) than 
in the Nash game (Scenario 1), whereas it is comparatively 
unprofitable and dissatisfactory for a significant portion of 
customers.

Policy 2: Altering international waterway tolls
Theorem 4: Given the assumptions made, the following 

can be uncovered:

With a rise in waterway tolls ( MA ), the costs of mari-
time shipping increase which results in an escalation of its 
equilibrium delivery price. This leaves the multimodal freight 
forwarder with the initiative in pricing, enabling it to boost 
its equilibrium profit. It is also worth noting that the delivery 
time of the multimodal freight forwarder increases with MA
. This policy decreases the demand and profit of the maritime 
freight forwarding agent while increasing those of the multi-
modal freight forwarding agent. Figs. 5 to 8 present the varia-
tions of the equilibrium solutions with MA .

It is evident from this theorem that the policy of reducing 

the international waterway tolls has synonymous effects on 
both flexible and inflexible scenarios. However, by decreas-
ing the international waterway tolls by one unit, the delivery 
price of maritime shipping and multimodal shipping decreas-
es more in the flexible scenario (compared to the inflexible 
scenario). Whereas the delivery time of multimodal shipping 
decreases more in the inflexible scenario (compared to the 
flexible scenario).

Policy 3: Altering rail access charge
Theorem 5: Given the assumptions made, the following 

can be given: 
10 
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There are two alternatives to be examined when considering this policy: 1. Improving railway system flexibility; 2. 
The do-nothing alternative (remaining in the inflexible condition). 

Alternative 1: Improving the railway system in terms of flexibility brings about a reduction in the equilibrium delivery 
time of multimodal shipping which shifts the demand toward this mode. Accordingly, the equilibrium prices of maritime 
and multimodal shipping decrease and increase, respectively. This improvement, counterintuitively, cuts the equilibrium 
profit of both competing modes and not just maritime shipping. The underlying logic of this is that such an improvement 
entails heavy investment costs which reduce the equilibrium profit of the multimodal shipping agent concerning its pre-
improvement, inflexible state. Therefore, it can be inferred that the upgrade from an inflexible railway system to a flexible 
one (a transition from Stackelberg Equilibrium to Nash Equilibrium) is unfavorable to both competing freight forwarding 
agents. 

Alternative 2: Doing nothing toward improving railway system flexibility is favorable to both competing freight 
forwarding agents as it prevents loss of profit. However, customers are less satisfied by the maritime shipping service due 
to its higher price compared to when alternative 1 is adopted; yet they prefer maritime shipping over multimodal shipping 
given that they find lower utility in the latter as a result of its increased delivery time.  

To conclude, it is more profitable for both freight forwarding agents to compete in the Stackelberg game (Scenario 2) 
than in the Nash game (Scenario 1), whereas it is comparatively unprofitable and dissatisfactory for a significant portion 
of customers. 
 
Policy 2: Altering international waterway tolls 
Theorem 4: Given the assumptions made, the following can be uncovered: 
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With a rise in waterway tolls ( MA ), the costs of maritime shipping increase which results in an escalation of its 

equilibrium delivery price. This leaves the multimodal freight forwarder with the initiative in pricing, enabling it to boost 
its equilibrium profit. It is also worth noting that the delivery time of the multimodal freight forwarder increases with MA
. This policy decreases the demand and profit of the maritime freight forwarding agent while increasing those of the 
multimodal freight forwarding agent. Figs. 5 to 8 present the variations of the equilibrium solutions with MA . 



E. Salehi et al., AUT J. Civil Eng.,6(1) (2022) 83-104, DOI: 10.22060/ajce.2022.20732.5775

93

 

 
Fig. 5. Changes in the equilibrium values of delivery price with the waterway tolls in Scenario 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

pH,Sc1

pM,Sc1

2 4 6 8 10
AM

174.0

174.5

175.0

175.5

176.0

176.5

177.0

p

Fig. 6. Changes in the equilibrium values of delivery price with the waterway tolls in Scenario 1.
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Fig. 8. Changes in each agent’s equilibrium profit with the waterway tolls 

 
It is evident from this theorem that the policy of reducing the international waterway tolls has synonymous effects on 

both flexible and inflexible scenarios. However, by decreasing the international waterway tolls by one unit, the delivery 
price of maritime shipping and multimodal shipping decreases more in the flexible scenario (compared to the inflexible 
scenario). Whereas the delivery time of multimodal shipping decreases more in the inflexible scenario (compared to the 
flexible scenario). 
 
Policy 3: Altering rail access charge 
Theorem 5: Given the assumptions made, the following can be given:  
 

Variable/ 
Function Flexible System Scenario Inflexible System 

Scenario The difference between the two derivatives 

Hp 0H

H

p
A





 0H

H

p
A





 0H H

H HFlexible Inflexible

p p
A A
 

− 
 

 

Mp 0M

H

p
A





 0M

H

p
A





 0M M

H HFlexible Inflexible

p p
A A
 

− 
 

 

Ht 0H

H

t
A





 0H

H

t
A





 0H H

H HFlexible Inflexible

t t
A A
 

− 
 

 

Hq 0H

H

q
A





 0H

H

q
A





 

 
Mq  0M

H

q
A





 0M

H

q
A





 

H  0H

HA





 0H

HA





 

M  0M

HA





 0M

HA





 

 The equilibrium delivery time and price of multimodal shipping increases with rail access charge ( HA ) while its 
demand and utility decrease. On the contrary, not only does the equilibrium price of maritime shipping increase with this 
charge but its demand and profit also grow. Figs. 10 to 12 demonstrate the changes in the equilibrium values of decision 
variables, demand, and profit of each agent with a rail access charge. 
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Fig. 6. Changes in the equilibrium values of delivery time with the waterway tolls in Scenario 1. 
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Fig. 7. Changes in each agent’s equilibrium demand with the waterway tolls. 
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Fig. 8. Changes in each agent’s equilibrium profit with the waterway tolls 
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Fig. 9. Changes in the equilibrium values of the delivery price and time with rail access charge in  

Scenario 1. 
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Fig. 10. Changes in the equilibrium values of the delivery price and time with rail access charge in Scenario 1.

 

 
Fig. 10. Changes in each agent’s equilibrium demand with a rail access charge. 
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Fig. 11. Changes in each agent’s equilibrium profit with a rail access charge. 
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The equilibrium delivery time and price of multimodal 
shipping increases with rail access charge ( HA ) while its 
demand and utility decrease. On the contrary, not only does 
the equilibrium price of maritime shipping increase with this 
charge but its demand and profit also grow. Figs. 10 to 12 
demonstrate the changes in the equilibrium values of deci-
sion variables, demand, and profit of each agent with a rail 
access charge.

It is evident from this theorem that the policy of increasing 
rail access charges has synonymous effects on both flexible 
and inflexible scenarios. However, by reducing the rail access 
charge by one unit, the delivery price of maritime shipping 
and the delivery time of multimodal shipping decreases more 
in the flexible scenario (compared to the inflexible scenario). 
Whereas the delivery price of multimodal shipping decreases 
more in the inflexible scenario (compared to the flexible 
scenario). This means that if governments purpose boosting 
customer satisfaction by reducing rail access charges, which 
results in reduced equilibrium delivery price and time, they 
prefer the inflexible scenario over the flexible one. Therefore, 
counterintuitively, the flexibility of shipping firms poses a 
serious challenge to governments when endeavoring to favor 
customers.

Policy 4: Improving railway systems (infrastructural 
and operational)

As mentioned in Section  0, the expression 2( )HH Ht tλ −  
in the profit function of multimodal shipping (Eq. (7) 
denotes the investment cost required to reduce the current 

delivery time by Ht . Since the multimodal shipping agent is 
assumed responsible for this investment, it will prove cost-
ineffective if it doesn’t bring about a surge in demand great 
enough to compensate for these costs. Possible measures that 
can be taken to reduce multimodal delivery time comprise 
infrastructural and operational improvements. Infrastructural 
improvements include constructing new railways and 
upgrading existing ones as well as upgrading the railway fleet 
and transshipment machinery. On the other hand, operational 
improvements include enhancing scheduling, administrative 
efficiency, customs formalities, transshipment processes, and 
fleet movement. Infrastructural and operational improvements 
respectively decrease the values of Hλ  and Ht . With S  
defined as the amount of effort put into these improvements, 
its relation with Hλ  and Ht  can be established as follows:

,initial
H H K S = −  (26) 

,
initial

H H tt t K S= −  (27) 
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,initial
H H K S = −  (26) 
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H H tt t K S= −  (27) 
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Where initial
Hλ  and initial

Ht  are the values of Hλ  and Ht  be-
fore investment, and K λ

 and tK  are the sensitivities of Hλ  
and Ht  to the size of the investment.

Theorem 6: Given the assumptions made, the following 
can be given:
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With infrastructural and operational improvements, multimodal shipping demonstrates a better capability to reduce its 

delivery time more effectively. This reduction in delivery time brings about an enhanced level of service, endowing 
multimodal shipping with the initiative to set a higher price for its service. As the customers would find better utility in 
multimodal shipping, the maritime shipping agent has no choice but to lower their price to cushion their loss of market 
share. 

As the railway system improves (in both infrastructure and operational conditions), the profit of multimodal shipping 
increases and, conversely, the profit of maritime shipping decreases. Therefore, it is expected that as the size of the 
investment increases, the profit of these two agents meets at a certain point where the agents equally benefit from the 
market. Figs. 13 to 15 illustrate how the equilibrium values of decision variables, demand, and profit of each agent change 
with the amount of effort put into railway system improvements. 
 

 

 
Fig. 12. Changes in the equilibrium values of the delivery price and time with the size of railway improvement investment in 

Scenario 2. 
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Fig. 13. Changes in the equilibrium values of the delivery price and time with the size of railway improvement 
investment in Scenario 2.
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Fig. 14. Changes in each agent’s equilibrium profit with the size of railway improvement investment. 
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With infrastructural and operational improvements, mul-
timodal shipping demonstrates a better capability to reduce 
its delivery time more effectively. This reduction in delivery 
time brings about an enhanced level of service, endowing 
multimodal shipping with the initiative to set a higher price 
for its service. As the customers would find better utility in 
multimodal shipping, the maritime shipping agent has no 
choice but to lower their price to cushion their loss of market 
share.

As the railway system improves (in both infrastructure 
and operational conditions), the profit of multimodal ship-
ping increases and, conversely, the profit of maritime ship-
ping decreases. Therefore, it is expected that as the size of 
the investment increases, the profit of these two agents meets 

at a certain point where the agents equally benefit from the 
market. Figs. 13 to 15 illustrate how the equilibrium values of 
decision variables, demand, and profit of each agent change 
with the amount of effort put into railway system improve-
ments.

Policy 5: Employing ships with low-consumption tech-
nologies

Modern technologies can be employed in ships to reduce 
the fuel consumed in maritime shipping and, consequently, 
its costs. Thus, the fuel consumption rate of ships ( Mθ ) can 
be a determining factor in the competitiveness of the agents 
against each other.

Theorem 7: Given the assumptions made, the following 
can be uncovered:

,initial
H H K S = −  (26) 

,
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Fig. 16. Changes in each agent’s equilibrium demand with the fuel consumption rate of ships. 
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Fig. 17. Changes in each agent’s equilibrium demand with the fuel consumption rate of ships.

It can be inferred from this theorem that the lower the 
fuel consumption rate of ships ( Mθ ), the lower both—and 
not only maritime—freight forwarding agents set their prices. 
Ship fuel is consumed by both agents and a reduction in its 
consumption rate reduces both agents’ costs.

When Mθ  is altered, the equilibrium solutions depend 
on the multimodal agent’s cross-sensitivity of demand 
to the maritime agent’s price (

pγ ), which indicates how 
customers alternate between the competing agents when 
the prices change. In other words, this parameter can be 
regarded as an index of the intensity of the competition 
between the freight forwarding agents. If the competition 
is relatively intense (i.e., H p

p p
M

D
D
β

γ β< < ), a reduction in Mθ  
increases the equilibrium demand and profit of the mari-
time agent while decreasing those of the multimodal agent. 

Aware of the customers’ high sensitivity to price, the mul-
timodal freight forwarding agent cuts its delivery price 
to minimize its loss of demand. Also, given the constant 
value of tγ , the delivery time of the multimodal agent in-
creases. Conversely, if the competition is of low intensity 
(i.e., 0 H p

p
M

D
D
β

γ< < ), reducing 
Mθ  decreases the equilibrium 

demand and profit of the maritime agent while increasing 
those of the multimodal agent. In other words, in cases 
where the competition between the freight forwarding 
agents is not so intense, the policy of employing ships 
with low-consumption technologies proves ineffective in 
attracting demand to the maritime shipping agent.

Figs. 16 to 18 display the change in the equilibrium values 
of decision variables, demand, and profit of the competing 
agents with the fuel consumption rate of ships.

 

 

 
 

Fig. 15. Changes in the equilibrium values of the delivery price and time with the fuel consumption rate of ships in 
Scenario 1. 
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Fig. 16. Changes in the equilibrium values of the delivery price and time with the fuel consumption rate of ships in 
Scenario 1.
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Fig. 17. Changes in each agent’s equilibrium profit with the fuel consumption rate of ships. 
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Fig. 18. Changes in each agent’s equilibrium profit with the fuel consumption rate of ships.

It is evident from this theorem that the policy of employ-
ing ships with low-consumption technologies in maritime 
shipping has synonymous effects on both flexible and inflex-
ible scenarios. However, by reducing ship fuel cost by one 
unit, the delivery price of maritime shipping and the delivery 
time of multimodal shipping decreases more in the flexible 
scenario (compared to the inflexible scenario). Whereas the 
delivery price of multimodal shipping decreases more in the 
inflexible scenario (compared to the flexible scenario).

6- Conclusion
Through this study, we investigated the competition be-

tween maritime and multimodal (land-sea) shipping agencies 
in the freight transportation market with a game-theoretic ap-
proach. Depending on the railway infrastructure condition, 
two scenarios of railway systems are considered: Flexible and 
inflexible systems, whose difference lies in their capability of 
an immediate reduction in delivery time through swift infra-
structural and operational improvements. The shipping price 
of each freight forwarding agent and the delivery time of the 
multimodal agent is considered as the decision variables. The 
structure of the game in the flexible system scenario is based 
on Nash equilibrium wherein agents set the values of their 
decision variables simultaneously. On the contrary, the inflex-
ible system scenario holds a Stackelberg (leader-follower) 
structure in which the multimodal shipping delivery time is 
ascertained beforehand and then the equilibrium delivery 
prices of both modes are attained in a Nash equilibrium. 
The competition in the freight transportation market is 
modeled for each scenario and the effects of different 
technical and economic policies are analyzed by studying 

the equilibrium values of decision variables as well as the 
resultant equilibrium values of demand and profit functions. 
According to the results, as the flexibility state of the railway 
system upgrades from inflexible (Scenario 2) to flexible 
(Scenario 1), the demand gravitates toward multimodal 
shipping. But this improvement, counterintuitively, cuts the 
profit of both competing agents, and not just the maritime 
one. 

The analysis of changes in waterway tolls and rail ac-
cess charges shows that if governments purpose boosting cus-
tomer satisfaction by reducing waterway tolls or rail access 
charges, which results in reduced equilibrium delivery price 
and time, they prefer the inflexible scenario over the flexible 
one. Therefore, counterintuitively, the flexibility of railway 
systems poses a serious challenge to governments when en-
deavoring to favor customers.

The fuel consumption rate of ships is shown to be a deter-
mining factor in the competitiveness of the freight forward-
ing agents against each other. When this parameter alters, the 
equilibrium solutions depend heavily on the intensity of the 
competition (i.e., the multimodal agent’s cross-sensitivity of 
demand to the maritime agent’s price). 

In summary,Table 5. presents an overview of how railway 
system flexibility is either favorable or unfavorable in terms 
of different criteria from different perspectives.

Future work is encouraged on incorporating additional 
variables such as reliability, fleet size, and freight type in 
terms of perishability. Another avenue for future work is con-
sidering the effects of governmental interventions as well as 
political and security considerations on multi-agent freight 
shipping competition.
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Appendix 
Proof of Lemma 1. With 2

2 2M pPM
  = −  holding a negative value, it is obvious that M  is concave in MP . Also, 

the Hessian matrix obtained for the profit of multimodal shipping ( H ) equals (
2

2
p t

t H

 
 

− −
− −

) that, assuming 

2

4
t

H
p




  , is negative-definite; therefore H  is concave in Hp . 

Proof of Theorem 1. According to Lemma 1, the best responses of agents for MP , Hp , and Ht  have to be obtained by 
the first-order optimality condition of the agents’ profit functions. Thus, the equilibrium solutions of these variables, i.e., 
Eqs. (6) to (8), are calculated through simultaneously solving the equations 0PH H = , 0PM M =  and 0tH H = . 
By replacing these values in Eqs. (1), (2), (3), and (4) the equilibrium solutions for demand and profit functions are obtained 
and presented in Eqs. (9) to (12). 
Proof of Theorem 2. With 2

2 2H pPH
  = −  and 2

2 2M pPM
  = −  holding negative values, it is obvious that 

equilibrium prices Hp  and MP , which are obtained by the first-order derivative of the agents’ profit functions, are the best 
responses of the agents (followers) to each other’s pricing. Thus, the equilibrium solutions of these variables are calculated 
by simultaneously solving the equations ( 0, 0PH H PM M  =  = ): 
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By replacing these values in Eq. (6) the profit function of multimodal shipping is obtained: 
2

2( ( ( 1)( ) ) ( ))
( )
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Regarding the assumption
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 , it is obvious that 
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 = −  is negative.  Thus the best response of 

multimodal shipping for 𝑡𝑡𝐻𝐻 has to be obtained by the first-order derivative: 

* ,2
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The proof is completed by replacing *
Ht  given above in *

Hp and *
Mp  as well as Eqs. (1), (2), (3), and (4). 

Corollary: To ensure estimation accuracy, the real-world sensitivity of the equilibrium maritime delivery price ( MP ) to 

maritime delivery time ( Mt ) is estimated and equals -2.8; i.e., reducing the maritime delivery time by each hour incurs an 

additional cost of 2.8 $/tonne. This sensitivity is equivalent to 2

2
( 6 )

p t HM

M p t p H

p
t

  
   


=

 −
 in the mathematical model and 

to ensure that the model conforms to the actual real-world value that is not so precise, 2

2
( 6 )

p t H

p t p H

  
   −

is assumed to 

be between −2.7 and −3.  
Other relations between unknown parameters are derived from assumptions made in this paper, Eqs. (6), (7), and (8), and 
previous publications [29-32]. The consequent minimum error model is as follows. 
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Proof of Theorem 3. The equilibrium price of multimodal shipping in Scenario 1 equals: 
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The equilibrium price of multimodal shipping in Scenario 2 equals: 
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The following is thus attained: 
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( 2 ( ( 1 ) ( )) (2 ))H M HH H t p M t p H H H H M M H p M pB Q t c t c d D A f f dD D         = + − + + + − − + + + +  
Considering the feasibility conditions, i.e., Eqs. (13), (14), (24), and (25), the following relations must be established: 
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Also, regarding the assumption 
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 , the following relations can be given: 
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Other relations between variables, demand, and profit functions can be similarly proven for both Scenarios. 
Proof of Theorem 4. The following is established for Scenario 2: 
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Given the assumptions
2

4
t

H
p




  and regarding the negative values of expressions ( 2 6t p H  − ) and ( 2 9t p H  −

), the inequality 0PM

AM





 holds. 

Other relations as well as Theorems 5, 6, and 7 can be similarly proven for both Scenarios. 
 
 


