
Article Not peer-reviewed version

Towards Decarbonization: Sustainable

Incentives in a Price-Competitive

Maritime Supply Chain with

Environmentally-Conscious Shippers

Lijuan Yang , Fangcheng Liao , Yong He *

Posted Date: 2 January 2025

doi: 10.20944/preprints202501.0087.v1

Keywords: carbon emission abatement; government subsidy; price competition; green preference; maritime

supply chain

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/769864
https://sciprofiles.com/profile/4133760


 

 

Article 

Towards Decarbonization: Sustainable Incentives in 

a Price-Competitive Maritime Supply Chain with 

Environmentally-Conscious Shippers 

Lijuan Yang, Fangcheng Liao and Yong He * 

School of Management, Guilin University of Aerospace Technology, Guilin, 541004, China 

* Correspondence: heyong@guat.edu.cn; 

Abstract: Transitioning to low-emission technologies for carriers needs a huge investment, and 

subsidies have proven to be efficient tools in overcoming cost barriers. In this paper, we formulate 

game-theoretical models to study the impact of subsidies on carbon emission reduction with green 

shippers in a price-competitive environment. Equilibrium solutions for three scenarios are derived 

and numerical analysis is conducted. Results indicate that (1) Government subsidies are effective and 

advantageous for decarbonization with carriers’ competition, but will lower service prices, profits 

and social welfare; (2) Intensified price competition leads to the increase in carbon emission, service 

prices and social welfare, while decreasing demands and profits in some scenarios; (3) Shippers’ 

green preferences have a positive effect on carbon emission reduction, profits and social welfare. Our 

findings can provide valuable managerial insights for both the government and shipping companies 

in promoting a more sustainable environment. 

Keywords: carbon emission abatement; government subsidy; price competition; green preference; 

maritime supply chain 

 

1. Introduction 

As a crucial part of maritime supply chain, shipping serves as a driving force for global trade, 

ensuring the efficient and safe movement of raw materials, finished goods, and commodities 

worldwide. However, as the backbone of the economic development, shipping also poses a 

significant environmental threat, producing some other pollutants such as sulfur oxides, nitrogen 

oxides, and particulate matter, contributing to air pollution and acid rain [1]. According to estimates 

by the International Maritime Organization (IMO), approximately 2-3% of global GHG emissions 

comes from shipping, a notable contribution to carbon emissions. Reducing this impact has become 

a focus for international environmental policies. And it is still the most urgent and imperative issues 

to mitigate carbon emission in maritime shipping [2]. 

On a global scale, international agencies, such as IMO, have set forth regulations that enforce 

carbon emission reductions. One of the most significant is to reduce greenhouse gas emissions from 

ships by at least 50% by 2050, compared to 2008 levels. This ambitious target requires coordinated 

efforts across nations and industries, including technological innovation, operational efficiency, and 

compliance with emission standards. 

At the heart of the maritime supply chain system are shipping companies (i.e., carriers), which 

provide the essential services of shipping transportation. In addition to responsibilities for 

transporting cargoes, carriers also play a critical role in ensuring the smooth operation of supply 

chains by providing reliable, safe, and compliant transportation services. Carriers not only ensure 

goods are delivered across borders but also influence broader economic trends. Besides, tasked with 

transporting vast quantities of goods across oceans, carriers now face growing pressure to reduce 

caron emission. 
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To carriers, transitioning to focusing on emission reduction strategies, such as structural and 

power system modification, environmental protection equipment installation, etc., to comply with 

regulations and market needs, which can lead to increased operational costs [3]. Furthermore, carriers 

also face the risk of not recouping their investments in low-carbon fuels due to insufficient customer 

demand. Additionally, a competitive environment for carriers hinders emission reduction efforts due 

to cost pressures, resulting in a low motivation to adopt low-carbon energies. 

Shippers are also seeking greener options, aligning their supply chains with sustainability goals 

by partnering with carriers that demonstrate environmental responsibility. Their demand for low-

carbon logistics solutions is helping to drive competition among shipping companies to offer more 

sustainable services. 

In response, various governments and international organizations are implementing low-carbon 

subsidy incentives aimed at encouraging carriers to adopt greener energies and practices. Providing 

financial incentives for the adoption of low-carbon technologies and fuels is proved to be highly 

efficient to address climate change issues [4–6]. Several researchers analyzed two different strategies 

to mitigate emission of a transport chain with carriers’ competition [7]. But they neglected 

government incentives impact on carbon reduction. The impact of subsidies and carbon tax policy on 

the development of competition was considered among different ocean carriers [8]. But what they 

did not consider is that whether providing subsidies to carriers in a competitive environment can 

reduce carbon emissions effectively. Our previous work also considered subsidies and competitive 

carriers, but it only focused on how to relieve lock congestion before TGD [9]. Price competition 

between carriers was also considered, but government subsidies and carbon emission reduction were 

out of their scope [10]. With ocean carriers’ competition, how subsidies from the government can 

impact carbon emission alleviation, or if subsidies are effective to abate carbon emission is seldomly 

studied by researchers. To fill in this gap, we want to answer the following questions in this paper: 

(1) Should government subsidize price-competitive carriers and encourage them to make the 

transition to decarbonize? 

(2) What is the optimal subsidy strategy under different scenarios? And how effective is such a 

subsidy in reducing carbon emission? 

(3) Taking into account the price competition and shippers’ green preference, what impact do 

they have on service prices, demands, profits, carbon emission and social welfare? 

To figure out these issues, we develop game models to illuminate the interactive relationship 

among the port, the government, two competitive carriers and green preference shippers. Then, we 

derive equilibrium results for each partner under three different scenarios. After that, numerical 

analysis is conducted. 

There are several contributions in this study. Firstly, game models are constructed to explore the 

interactions among different players of the maritime supply chain. Through optimal results derived, 

we explore the impact of subsidy strategies with price-competitive carriers on carbon emission 

reduction in green shippers. To our knowledge, this is seldom studied in extant literature. Secondly, 

we demonstrate the effectiveness of subsidies in mitigating carbon emissions in a price-competitive 

environment. Carriers are encouraged to make investments in the adoption of low-carbon 

technologies, contributing to more sustainable environment. Last, we reveal how shippers’ low-

carbon preference and price competition between carriers impact prices, demands, profits, carbon 

emission and social welfare. Our paper can provide decision-makers managerial insights to achieve 

sustainable environment. 

The reminder of this paper is organized as follows. Section 2 briefly reviews the related 

literature. Section 3 describes the problem and model formulation is given in Section 4. Section 5 and 

Section 6 give the modal analysis and numerical analysis. Conclusion is presented in Section 7. Proofs 

are provided in the Appendix. 

2. Literature Review 
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The first stream of related literature is carbon emission control strategy of a maritime supply 

chain. And ports, shipping companies and forwarders are the main implementing subjects [11–15]. 

Different strategies are adopted to abate carbon emission, such as blockchain technologies [13,17,18], 

port construction or infrastructure [6,19–23], low-carbon fuel adoption [1,6,7,12,24]; carbon tax and 

cap-and-trade [8,25,26]. Shipping carriers made decisions about sustainability investment to comply 

with emission control regulations in a two-level maritime supply chain [11]. The role of ports taking 

part in shipping decarbonization was analyzed, and various measures ports can be adopted to 

facilitate ships’ emissions reduction [27]. Balcombe et al., (2021) utilized new emissions 

measurements to assess the cost of LNG as the shipping fuel, and a 50% decarbonisation target can 

be met with a methane emissions reduced to 0.5% of throughput [24]. Considering investment in 

carbon abatement of a maritime supply chain, Huang et al., (2023) also investigated the influences of 

government policies and social preferences [4]. After a comparison analysis, Chen et al., (2023) found 

that emission was reduced significantly after COVID-19 for passenger shipping in Danish waters 

[28]. Taking CMA-CGM as an example, emissions inventories were quantified with a bottom-up 

framework at the worldwide level [29]. 

Our paper also relates to the area of government subsidy. Government encourages NEV carriers 

to make green innovations with subsidies [30]. And incentive policies can be helpful for the 

increasement of revenue of carriers [23]. The impact of government subsidies on shipping companies 

are elaborated in [20]. Results indicated that price subsidies can help improving shipping supply 

chain profits. Two incentive policies were considered on ship-borne power receiving system 

deployment to reduce carbon emission near ports in [21]. Carbon abatement investment and low-

carbon service investment from the government subsidies were considered in [4]. Findings indicated 

that government subsidies can significantly improve greenness of the maritime supply chain. Wang 

et al., (2023) studied the influence of government subsidies for shipping companies to choose shore 

power or lower sulfur fuel oil. They found that government subsidies can play different roles under 

certain power structures [1]. Zhen et al., (2022) investigated subsidy strategies to install and utilize 

shore power for ports, and they optimized subsidies to reduce costs for government and maximize 

profits for ports [21]. Li et al., (2024) analyzed the government adopting two subsidy schemes for port 

operations to meet low-carbon requirements [17]. Wang et al., (2024) designed two different subsidy 

schemes for the shipping company through Hotelling models [31]. Luo et al., (2024) considered 

government incentivizes shipping operators to retrofit ships and initially uses SP of a shipping 

supply chain in the short term [22]. 

The last related topic is price competition between carriers. Huang et al., (2023) analyzed 

investing in blockchain technologies in competitive environment. Results indicated that competition 

between shipping companies would affect the service prices [4]. Xie and Wang (2024) investigated 

two competing carriers of two transportation chains about which to be the privileged carrier [15]. 

Considering shipping supply chain competition, game models are formulated to investigate the 

equilibrium strategies of shipping operators on SP usage under different policies [22]. Zhou and 

Zhang (2022) constructed game models to analyze the emission control strategy of the port with the 

customers’ low-carbon preference. Results demonstrated that with customers’ low low-carbon 

preference, the port should adopt LSFO to obtain higher profits, but also with higher carbon 

emissions [14]. 

As depicted above, there is limited literature addressing carbon emission reduction for price-

competitive carriers in government subsidies and green shippers. To fill in this gap, we develop game 

models to abate carbon emission reduction strategies considering government intervention and green 

preference from shippers, and try to find optimal strategies under three different scenarios. Our 

paper differs from previous work in that it considers not only the price-competition between ocean 

carriers but also government subsidies and green shippers to abate carbon emission. 

3. Problem Description 
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We consider a maritime supply chain consisting of a port, two price-competitive carriers, 

shippers and the government. The port, located upstream, provides services such as cargo handling, 

storage, berthing to carriers, denoted as 
1w and 

2w , respectively. For simplicity, the port’s marginal 

cost is assumed to be zero. As the buyer of services, shippers have preferences for low-carbon 

transportation options. Carriers set their own service prices with 
1p and 

2p , and compete in price 

aiming to offer the best transportation services. 

In the maritime supply chain, the government acts as the Stackelberg leader, strategically 

offering subsidies to carriers to maximize social welfare. These subsidies incentivize carriers to invest 

in emission-reduction technologies and contribute to a greener maritime supply chain. The port and 

carriers prioritize maximizing their profits. 

According to [32–34], we suppose demand functions are defined as: 

1 1 2 1q a p kp e= − + +
 (1) 

2 2 1 2q a p kp e= − + +
 (2) 

In the demand model, 
iq  means the demand of different carriers, k represents the competition 

intensity between ocean carriers, 
ip  is the service price of carriers provided to shippers, 

i  is the 

environmental awareness from shippers. The higher
i , the higher the degree of greenness during 

the transportation. e  is the carbon emission, here, we assume that all carriers possess the same level 

of carbon emission e  under the same scenario. 

To clarify the interactive relationship among different players in the maritime supply chain, 

game models under three scenarios are developed: Scenario OS, Scenario CS and Scenario BS. In 

Scenario OS and CS, only one carrier, namely, carrier 1 or carrier 2, takes carbon emission reduction 

measures with government subsidies. In scenario BS, both carriers are subsidized to take actions to 

alleviate carbon emission. 

According to the extant studies [13,17,32,35,36], the additional sustainability investment cost for 

ocean carriers to abate carbon emission is denoted by 
20.5 i iu e , with 

iu  representing the subsidy 

level. The government shares ih  of the total investment. Correspondingly, profit functions for 

different players and social welfare functions will change in different scenarios. For convenience, the 

symbols and notations are shown in Table 1. 

Table 1. Notation. 

Symbols Description 

a  Potential shipping market size 

ip  Service price provided by carriers, 1,2i =  

iq  Demand of ocean carriers, 1,2i =   

iw  Service price provided by the port, 1,2i =  

i  Profits of each player, 1,2i =  

SW  Social welfare in different scenario 

k  Competition coefficient between carriers,  0 1k   

i  Environmental awareness, 1,2i =  

i  Subsidy level, 1,2,3i =  

ih  Subsidy ratio from the government, 1,2,3,4i =  

ie  Carbon emission under different scenarios, 1,2,3i =  

iS  Subsidy for carriers under different scenarios, 1,2,3i =  
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4. Model formulation 

Three different scenarios are described as below: 

4.1. Scenario 1. (Scenario OS) 

In this scenario, carrier 1 will invest a total of 
2

1 10.5(1 )h e−
in carbon emission abatement, with 

additional subsidies provided by the government. Profit functions of both carriers and the port, and 

the social welfare function are expressed as Equations (3) to (7): 
2

1 1 1 1 1 1 1( ) 0.5(1 )os os os osp w q h e = − − −
 (3) 

2 2 2 2( )os os os osp w q = −
 (4) 

1 1 2 2

os os os os os

p w q w q = +
 (5) 

2

*
1

2

1 2 1 1
1 1

( )
( )

2

os os
a kp e

os os os

p

a p kp e
CS f p dp

 + + − + +
= =

 (6) 

1 2 1

os os os os os os

pSW CS S  = + + + −
 (7) 

Lemma 1. In scenario OS, social welfare function osSW is jointly concave related to 1

osp , 2

osp  and 

1e , when 

2
2 1 2

1 1 2

( )

2 2

k

k

 
 

+
 +

−
. 

Based on Lemma 1, we know that there exist optimal values such as price, demand, carbon 

emission reduction, profits, social welfare, obtained by taking first-order partial derivatives of osSW

with respect to different parameters, as shown in Table 2. 

Table 2. Optimal solutions in Scenario OS. 

Variable Scenario OS 

*

1

osp  

2

1 1 2 1 1

2 2 2

1 1 1 2

[ ( ) (1 )( )]

(2 2)( ) ( )

ak k k

k u k

    

  

+ − + −

− − − +
 

*

2

osp  

2

1 1 2 1 1

2 2 2

1 1 1 2

[ ( ) (1 )( )]

(2 2)( ) ( )

a k k

k u k

    

  

+ − + −

− − − +
 

*

1

osq  

2 2 2

1 1 2 2 1

2 2 2

1 1 1 2

[ (1 ) (2 2)]

(2 2)( ) ( )

a k k k

k u k

    

  

+ − − − −

− − − +
 

*

2

osq  

2 2 2

1 1 2 2 1

2 2 2

1 1 1 2

[( 2) (3 3) ( 1)( 1) ]

(2 2)( ) ( )

a k k k k

k u k

    

  

− + + − − + −

− − − +
 

*

1

ose  
2 1

2 2 2

1 1 1 2

( 1)[ ( 2)]

(2 2)( ) ( )

a k k

k u k

 

  

+ − −

− − − +
 

*

1

os  
2 2 2 2 2 2 2 2

1 1 2 2 1 1 1 2 2 1

2 2 2 2

1 1 1 2

[ (1 ) (2 2)][( 2) (1 3 ) 2 4 ( 1)]

2[(2 2)( ) ( ) ]

a k k k k k k k

k u k

         

  

+ − − − − + − + − − − −

− − − +
 

*

2

os  

2 2 2 2 2

1 1 2 2 1

2 2 2 2

1 1 1 2

[( 2) (3 3) ( 1)( 1) ]

[(2 2)( ) ( ) ]

a k k k k

k u k

    

  

− + + − − + −

− − − +
 

*

1

osS  

2 2 2 2

2 1 1 2 1 1 1 1 1 2 2

2 2 2 2

1 1 1 2

( 1)[ ( 2)]{ (1 ) ( ) [ (1 ) ]}

2[(2 2)( ) ( ) ]

a k k k k k k k

k u k

          

  

+ − − + + − + − + − −

− − − +
 

*

1h  

2 2

1 1 2 1 2 1 1 2

1 2 1

[( 1) ( 1) ] ( )( ]

(1 )[ ( 2)]

k k k

k k

       

  

+ + + − − +

+ − −
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*osSW  

2 2 2 2

1 1 1 1 2 2 1

2 2 2 2 2

1 1 1 2 1 2 1

[ 2 2 3 ]

2 4 4 4 2 4

a k k

k k k k

      

      

− + − + −

− + + + + −
 

4.2. Scenario 2. (Scenario CS) 

In this condition, ocean carrier 2 receives subsidies from the government, which covers 2h  of 

the total investment cost 
2

2 20.5 e . So, profit functions and the social welfare are formulated as 

Equations (8) to (12). By solving these equations, other optimal results can be derived. 

1 1 1 1=( - )cs cs cs csp w q
 (8) 

2

2 2 2 2 2 2 2=( ) 0.5(1 )cs cs cs csp w q h e − − −
 (9) 

1 1 2 2

cs cs cs cs cs

p w q w q = +
 (10) 

2

2 1 2 2( )

2

cs cs
cs a p kp e

CS
− + +

=
 (11) 

1 2 2

cs cs cs cs cs cs

pSW CS S  = + + + −
 (12) 

Lemma 2. When 

2
2 1 2

2 2 2

( )

2 2

k

k

 
 

+
 +

−
, social welfare function csSW is jointly concave related to 

1

csp , 2

csp , and 2e  . 

Similarly, based on Lemma 2, Table 3 presents optimal results derived from taking first-order 

partial derivative of csSW with respect to 1

csp , 2

csp , and 2e , respectively. Accordingly, other 

optimal solutions can be obtained. 

Table 3. Optimal solutions in Scenario CS. 

Variable Scenario CS 

*

1

csp  

2

2 2 1 2

2 2 2

2 2 1 2

[ ( 1) ]

(2 2 )( ) ( )

a k u

k k

  

   

− + −

− − + +
 

*

2

csp  

2

2 2 1 2

2 2 2

2 2 1 2

[ ( 1) ]

(2 2 )( ) ( )

ak k u

k k

  

   

− + −

− − + +
 

*

1

csq  

2 2 2

2 1 2 1 2

2 2 2

2 2 1 2

[ ( 1) ( 1)( 1) ]

(2 2 )( ) ( )

a k k k k

k k

    

   

+ − − − + −

− − + +
 

*

2

csq  

2 2 2

1 1 2 2 2

2 2 2

2 2 1 2

[ ( 1) (2 2) ]

(2 2 )( ) ( )

a k k k

k k

    

   

+ − − + −

− − + +
 

*

2

cse  

2

2 1 2

2 2 2

2 2 1 2

[( 2) ( )]

(2 2 )( ) ( )

a k k

k k

  

   

− − +

− − + +
 

*

1

cs  

2 2 2 2 2

2 1 2 1 2

2 2 2 2

2 2 1 2

[ ( 1) ( 1)( 1) ]

[(2 2 )( ) ( ) ]

a k k k k

k k

    

   

+ − − − + −

− − + +
 

*

2

cs  

2 2 2 2 2 2 2 2

1 1 2 2 2 1 2 1 2 2

2 2 2 2

2 2 1 2

[ ( 1) (2 2) ][2 ( 4) (3 2) 4( 1) ]

2[(2 2 )( ) ( ) ]

a k k k k k k k

k k

         

   

+ − − + − + − − + + − + −

− − + +
 

*

2

csS  

2 2 2 2 2

1 2 2 2 2 2 1 2 2 1 1 2 2

2 2 2 2

2 2 1 2

[ ( ) ( 2) ] { ( ) [ ( 1) ]}

2[(2 2 )( ) ( ) ]

a k k k k k k

k k

            

   

+ − − + + + + − −

− − + +
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*

2h  

2 2 2

2 2 2 1 2 2 1 1 2 2

2

2 1 2 2

( ) [ ( 1) ]

[ ( ) ( 2) ]

k k k k

k k

         

   

+ + + + − −

+ − −
 

*csSW  

2 2 2 2

2 2 1 1 2 2 2

2 2 2 2 2

2 2 1 2 1 2 2

[ 2 2 3 ]

2 4 4 2 4 4

a k k

k k k

      

      

− + − + −

− + + + + −
 

4.3. Scenario 3. (Scenario BS) 

In this scenario, the total investment cost for carriers to reduce carbon emission is 
2

3 30.5 e . The 

government share 3h and 4h of the total investment cost, respectively. Profit functions for all partners 

and social welfare are formulated as Equations (13) to (18). 
2

1 1 1 1 3 3 3( ) 0.5(1 )bs bs bs bsp w q h e = − − −
 (13) 

2

2 2 2 2 4 3 3( ) 0.5(1 )bs bs bs bsp w q h e = − − −
 (14) 

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

p p w q p w q = − + −
 (15) 

2 2

1 2 1 3 2 1 2 3( ) ( )

2 2

bs bs bs bs
bs a p kp e a p kp e

CS
 − + + − + +

= +
 (16) 

* 2 2

3 3 3 3 4 3 3

1
( )

2

bsS h e h e = +
 (17) 

1 2 3

bs bs bs bs bs bs

pSW CS S  = + + + −
 (18) 

Lemma 3. When

2 2

1 2
3 22(1 )k

 


+


−
, social welfare function bsSW is jointly concave related to 1

bsp ,

2

bsp  , and 3e . 

The following Table 4 outlines optimal results derived by solving first-order derivatives of 

Equation (18). 

Table 4. Optimal solutions in Scenario BS. 

Variable Scenario BS 

*

1

bsp  

2 2

3 1 2 1

2 2 2 2 2

3 1 2

[2 (1 ) ( )]

2 ( 1) ( 1)( )

ak k

k k

   

  

− + −

− + − +
 

*

2

bsp  

2 2

3 1 2 2

2 2 2 2 2

3 1 2

[2 (1 ) ( )]

2 ( 1) ( 1)( )

ak k

k k

   

  

− + −

− + − +
 

*
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2 2 2

3 1 2

[4 ( 1)( 2)( 2) ( )(2 )]

2( 1)( 1)[(2 2) ]

a k k k k

k k k

    

  

− − + + − +

− + − + +
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2 2 2

3 1 2

[4 ( 1) ( 1) 2( )( )]

2( 1)( 1)[(2 2) ]
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    

  

+ − − − +

− + − + +
 

*
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bse  
1 2

2 2 2

3 1 2

( )

2 (1- )-( )

a

k

 

  

+

+
 

*
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bs  

2 2

3 1 2 1 2

2 2 2 2 2 2

3 1 2

2 2 2 2 2 2

3 1 2 1 1 2

[2 ( 1)( 1) ( )( )]

( 1) [(2 2) ( )]

[2 ( 1)( 1) (0.5 0.5) 0.5 ( 1) ( )]

a k k k

k k

k k k k k k

    

  

     

+ − + − +


− − + +
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*

2

bs  

2 2 2 2

3 1 2 1 2

2 2 2 2 2 2

3 1 2

2 2 2 2 2

3 2 1 1 2

[2 ( 1)( 1) (1 ) ]

( 1) [2 ( 1) ]

2 ( 1)( 1)(0.5 0.5) 0.5( 1)

a k k k k

k k

k k k k k

    

  

    

− − + − + −


− − + +

− − + − − + −

 

*

3h  

2

1 3 1 2 1 2

2

3 1 2

[2 ( 1)( 1) ( ) ]

( 1)( )

k k k

k

     

  

− − + + −

− +
 

*

4h  

2

2 3 2 1 1 2

2

3 1 2

[2 ( 1)( 1) ( )( )]

( 1)( )

k k k

k

     

  

− − − + −

− +
 

*

3

bsS  

2 2 2 2 2

1 2 3 1 1 2 2 3

2 2 2 2

3 1 2 3

( ) [ 0.5 0.5 ]

4( 1)( 1)( 0.5 0.5 )

a k k

k k k

       

   

+ + − + −

− + + + −
 

*bsSW  

2 2 2 2

3 1 1 2 2 3

2 2 2 2 2

3 1 2

[ 16 4 8 4 16 ]

16 ( 1) 8( 1)( )

a k

k k

     

  

− − + − +

− + − +
 

5. Model analysis 

5.1. Analysis for Price and Demand 

Proposition 1. Optimal prices and demands under different scenarios satisfy: (1) 
*os

ip , 
*cs

ip and 
*bs

ip increase in k  and decrease in i , and
* *

1 2

os osp p ,
* *

1 2

cs csp p ,
* *

1 2

bs bsp p  when k  and i
increase; (2) 

*

iq  differs in k , and satisfy
* *

1 2

os osq q ,
* *

1 2

cs csq q and
* *

1 2

bs bsq q ; (3) 
*

iq differs in i  

, and satisfy
* *

1 2

os osq q ,
* *

1 2

cs csq q and
* *

1 2

bs bsq q . 

See Appendix for Proof of Proposition 1. 

Proposition 1 indicates that as competition intensifies, service prices charged by different 

carriers tend to increase. Although subsidies can help offset operational costs to alleviate carbon 

emission, allowing carriers the flexibility to increase prices in order to capture a larger market share, 

which can ultimately strengthen their long-term competitiveness. And increased subsidies may lead 

to overcapacity, resulting in a decline in shipping volume. 

5.2. Profit and Social Welfare analysis 

Proposition 2. The optimal profits satisfy (1) 
*

i differs in k  and i ; (2) 
* *

1 2

os os  , 
* *

2 1

cs cs  , 

and 
* *

1 2

bs bs  . 

Proposition 3. (1) 
*SW increase in k ,when 0.564k  ,

* * *bs cs osSW SW SW  ; when

(0.564,0.694]k ,
* * *cs bs osSW SW SW  ; when 0.694k  ,

* * *cs os bsSW SW SW  ; (2) 
*SW

decrease in i , when 3.779i  ,
* * *cs bs osSW SW SW  ;when 3.779i  ,

* * *bs cs osSW SW SW  . 

Proof of Proposition 2 and 3, see Appendix. 

Proposition 2 indicates that with the increase of intensified competition and subsidies, carriers 

must increase service quality, shorten transit times, and invest in greener technologies, which will 

result in different changes in profits. But competition intensity drives carriers to implement greener 

shipping practices, which benefits both shippers and the whole society, as demonstrated in 

Proposition 3. However, too much subsidy may result in fiscal deficits for the government, which 

negatively impacts the economy and social welfare. 

5.3. Carbon Emission Effect Analysis 

Proposition 4. Optimal carbon emission satisfies (1) 
*

ie decrease in i , increase in k ; (2) 
* * *

3 1 2

bs os cse e e  . 
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Proposition 4 explores that in a price-competitive market, the increase in subsidy can lead to the 

reduction of carbon emission in different scenarios, which means that adopting low-emission 

technologies can be beneficial to abate carbon emission. Intense price competition may lead carriers 

to expand capacity, leading to overcapacity in the market. Excessive capacity not only wastes 

resources but also reduces load factors, further increasing carbon emission. 

See Appendix of Proof for Proposition 4. 

6. Numerical Analysis and Discussion 

Based on the above theoretical analysis, next, we will conduct numerical simulation analysis to 

verify above lemmas and propositions in this section. We also try to explore the impact of different 

parameters under different scenarios, aiming to provide optimal strategies for carriers and the 

government. According to extant literature [14,37], we set some parameter assumptions as follows, 

100a = , [0,1]i  , [2,12]i  . 

6.1. Optimal Price and Demand Analysis 

We can see that as k  increases, service prices under different scenarios also rise, as depicted in 

Figure 1(a). When k  exceeds 0.5, most curves demonstrate a sharp increase, aligning with 

Proposition 1. This is because with subsidies, carriers are committed to investments in low-carbon 

technologies, and providing better transportation service to attract shippers, leading to the increase 

in prices. 
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Figure 1. Impact k  on prices and demands. 

Additionally, as competition intensifies, the demand for carrier 1 in Scenario OS and carrier 2 in 

Scenario CS gradually increases, while in Scenario BS, the demand for both carriers decline rapidly. 

Similarly, the demand for carrier 2 in Scenario OS and carrier 1 in Scenario CS drops sharply. 

Government subsidies may disrupt normal market competition, causing some carriers to rely on 

subsidies rather than focus on improving service efficiency. This weakens their competitiveness in 

the market, which may lead to a decline in shipping volume. 

As Figure 2(a) shows, an increase in subsidy level can lead to a reduction in service prices, 

aligning with Proposition 1. All curves are showing a gradually downward trend with the increase 

of subsidy level, as subsidies typically offset carriers’ operating costs, enabling them to invest in 

decarbonization and reduce service prices. 

When i is small and lower than 4, demand for carrier 2 in Scenario CS declines rapidly, while 

others show a trend of slow decline as i  is approaching the value of 12. Government subsidies can 

help lower carriers’ operational costs, allowing carriers to offer better transportation services, leading 

to more intense price competition. To maintain high profitability, carriers may reduce their transport 

volume through price cuts. In such a case, subsidies could reduce the overall market volume, as 

carriers, in an effort to ensure profitability, may cut back on the services they provide. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 January 2025 doi:10.20944/preprints202501.0087.v1

https://doi.org/10.20944/preprints202501.0087.v1


 10 of 19 

 

i i

(a) (b)

S
e
rv

ic
e
  
 p

ri
ce

D
e
m

an
d

*

1

osp

*

2

osp

*

1

csp
*

2

csp

*

1

bsp

*

2

bsp

*

1

osq

*

2

osq

*

1

csq

*

1

bsq

*

2

csq

*

2

bsq

 

Figure 2. Impact i  on prices and demands. 

6.2. Optimal Profit and Social Welfare Analysis 

Figure 3(a) shapes the profit dynamics for carriers under different scenarios with intensified 

competition. As competition intensifies, curves for carrier 1 in Scenario OS and carrier 2 in Scenario 

CS show an upward trend, while in Scenario BS, there is a sharp decline for both carriers, but with 

gradual downward trend for carrier 2 in Scenario OS and carrier 1 in Scenario CS, aligning with 

Proposition 2. This is because increased competition may drive carriers taking measures to abate 

carbon emission, improve service quality, leading to the decline of profits. 

k k
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Figure 3. Impact of k on profits and social welfare. 

As the competition intensity increase, social welfare curves under different scenarios also rise, 

as shown in Figure 3(b). And when k  varies, social welfare also varies in different values. When k  

is lower than 0.694, social welfare in Scenario OS is the lowest. After the value 0.564 for k , social 

welfare in CS remains highest. When k  is between 0.564 and 0.694, social welfare in Scenario BS is 

much higher than that in Scenario OS. This is because carriers that adopt greener technologies may 

increase social welfare by reducing environmental harm, leading to differences in social welfare 

outcomes. 

In Figure 4(a), we observe that with the increase in subsidies, profits exhibit varying trends. For 

Carrier 2 in Scenario OS and Carrier 1 in Scenario CS, profits grow very slowly because they do not 

receive subsidies. In contrast, Carrier 1 in Scenario OS and Scenario BS, along with Carrier 2 in 

Scenario CS and Scenario BS, show much higher profits due to receiving subsidies. As subsidies 

increase, most profits remain relatively unchanged because the subsidies offset the costs of 

environmental investments. However, the changes in profit decline for Carrier 2 in Scenario CS and 

Scenario BS are relatively small. This might be because the subsidies are used to offset operational 

costs, which could lead to customer loss or reduced demand, thereby affecting profits. 

In Figure 4(b), social welfare in all three scenarios decreases as i  increases. In both Scenarios 

BS and OS, the decline in social welfare is relatively minor. In Scenario CS, social welfare drops 

sharply with the increase of the subsidy. When the subsidy level is lower than 3.779, social welfare 
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in Scenario CS remains the highest, while after the value of 3.779 for subsidy level, social welfare in 

Scenario BS remains highest because both carriers are subsidized. Long-term subsidies may be a huge 

burden for the government, leading to technological stagnation, which could reduce overall social 

welfare. 
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Figure 4. Changes of i  on profits and social welfare. 

6.3. Optimal Carbon-Emission Analysis 

From Figure 5, it is evident that as subsidies improve, carbon emissions gradually decrease. 

When subsidy level is lower than 6, all curves show a significant decline. All curves exhibit relatively 

gentle trends when the value exceeds 6. This is because government subsidies allow carriers to adopt 

environmentally friendly technologies, resulting in reduced emissions of harmful gases, which 

contributes to lowering environmental pollution. 
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*cse

i  

Figure 5. Impact i  on carbon emission. 

In some situations, competition among carriers can lead to increased carbon emissions, as shown 

in Figure 6. In the initial stage, all curves are gradually rising, but after the value of 0.7, all curves 

show a trend of sharp rise. In Scenario BS, carbon emission remains the highest, while those in other 

scenarios remain lower, which is consistent with Proposition 4. Fierce price competition compels 

carriers to prioritize short-term market share, leading to operational models and technological 

choices that deviate from decarbonization goals and, as a result, increase carbon emissions. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 January 2025 doi:10.20944/preprints202501.0087.v1

https://doi.org/10.20944/preprints202501.0087.v1


 12 of 19 

 

C
ar

b
o

n
 e

m
is

si
o

n

*ose

*bse

*cse

k
 

Figure 6. Changes of k on carbon emission. 

6.4. Analysis of the Impact of Shippers’ Green Preferences 

Shippers are becoming increasingly inclined to prioritize environmental protection, and prefer 

carriers that can provide more sustainable services with faster delivery times, pushing carriers to 

increase sailing speeds. Speedier delivery also results in higher fuel consumption and, consequently, 

increased carbon emissions, as depicted in Figure 7(a). Figure 7(b) illustrates that all curves are 

increasing when environmental awareness from shippers increase. This is because if carriers take 

operational measures to protect the environment, such as use low-caron fuels, further enhancing 

social welfare. 
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Figure 7. Impacts of 1  and 2  on carbon emission and social welfare. 

When green preference from shippers increases, profits for carriers under different scenarios 

also increase, as illustrated in Figure 8. In competitive market, carriers with green transport options 

are more likely to secure contracts, leading to increased market share and revenue. Additionally, 

governments offer subsidies for green transportation. Shippers’ green preferences may drive carriers 

to adopt more eco-friendly practices, indirectly benefiting carriers through policy incentives. 

Furthermore, shippers with strong green preferences might be willing to pay higher prices to carriers 

who can provide more environmentally friendly services, thereby boosting carriers’ revenue. 
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Figure 8. Impacts of 1  and 2  on profits. 

7. Conclusions 

Carriers play a crucial role in addressing global climate change and protecting marine 

ecosystems. However, transitioning to low-carbon technologies needs a huge investment for carriers, 

but they are reluctant to make the shift. Government incentives, a very efficient tool, can help carriers 

to invest in carbon emission reduction with the adoption of low-carbon technologies. Additionally, 

carriers also compete in price to attract more and more shippers, meanwhile, they also want to make 

profits through transportation services, which shippers are mainly focusing on. 

In this paper, we considered a maritime supply chain consisting of shippers, two price-

competitive carriers, a port and a government. Different models are constructed under three 

scenarios, in which profits of different partners and social welfare are evaluated. The impact of the 

competition, subsidy strategy and green preference on service prices, demand, profits, social welfare 

are also discussed. 

We first study optimal strategies of each partner with carriers’ competition under three different 

scenarios. We find that increased competitive intensity between carriers can help increase prices, 

social welfare and carbon emission, but would lead to the decrease in demands and profits under 

some situation. Price competition compels carriers to take measures to improve service quality and 

achieve environmental sustainability. 

We then identify the optimal subsidies under various conditions. Subsidies have shown 

effectiveness in decarbonization, and the government should provide subsidies to carriers in a price-

competitive environment. Furthermore, subsidies are beneficial to decrease freight prices and social 

welfare, and alleviate carbon emission. Under most scenarios, subsidies are used to adopt low-carbon 

technologies, while carriers also want to provide better transportation service, leading to the decrease 

in profits and demands. 

Finally, we extend the impact of the green preference from shippers on social welfare, carbon 

emission and profits. Our results demonstrate that when the green preference increases, social 

welfare, carbon emission and profits also increase. Because carriers endeavor to better transportation 

service, take more environmentally friendly measures, contributing to the improvement of carbon 

emission, social welfare and profits. 

The findings of our paper can provide carriers or shipping companies a reference to choose 

carbon emission strategies when they compete in price. Results of our paper also help the government 

make optimal subsidy decisions and managerial insights to further alleviate carbon emission. 
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Appendix 

Proof of Lemma 1: 
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With the back induction method, we firstly substitute 1

osq and 2

osq to the social welfare function 

(7). Taking second-order partial derivatives of osSW , Hessian matrix osSW on ( 1 2 1, ,os osp p e ) can be 

written as follows: 

2

2 1

2

2 1 1 1

1 0

2

0

os

k

H k k k

k

 

   

− 
 

= − +
 
 + −   

Since, 

1 1 1 0osH  = − 
 

2

2 2 2

1
2 2 0

2

os
k

H k
k k



− 
= = −  

−   

With 

2
2 1 2

1 1 2

( )

2 2

k

k

 
 

+
 +

− , we have, 

2 2 2 2

2 1 1 2 1 1

2

2 1 1 1

1 0

2 ( ) (2 2)( ) 0

0

os

k

H k k k k k

k

     

   

− 
 

= − + = + − − − 
 
 + −  , which means that

osSW is negative and jointly concave on 1

osp , 2

osp and 1e . And optimal results
*

1

osp , 
*

2

osp ,
*

1

osq ,
*

2

osq  

and 
*

1e can be derived. Additionally, let 1

1

0
os

osp


=


, 2

2

0
os

osp


=


, and 1

1

0
os

e


=


, we can get 1

osw and 

2

osw . Accordingly, 
*

1

os ,
*

2

os ,
*

1h , 
*

1

osS  and *osSW  can be obtained. 

Proof of Lemma 2 

Taking second-order partial derivatives of 
csSW on 1 2 2( , , )cs csp p e , which yields: 

2

1 2

2 2 2

2 2 1 2

2

1 2 2 2

2

1 0 (2 2 )( ) ( )
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k k k

H k k k
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 

= − = − − + + 
 + −   

Since, 
2

1 1 2 0csH k = − 
 

2

2 2 2 2 0csH k = − 
 

When

2
2 1 2

2 2 2

( )

2 2

k

k

 
 

+
 +

− , we have, 
2

1 2

2 2 2

2 2 1 2

2

1 2 2 2

2

1 0 (2 2 )( ) ( ) 0

0

cs

k k k

H k k k

k

 

   

   

 − +
 

= − = − − + +  
 + −   means that csSW  

is negative and jointly concave on ( 1 2 2, ,cs csp p e ). 

Let
1

0
cs

cs

SW

p


=


,

2

0
cs

cs

SW

p


=


 and 

2

0
csSW

e


=


, we can get derive the following optimal results

*

1

csp ,
*

2

csp ,
*

1

csq ,
*

2

csq and
*

2e . 
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Let 2

2

0
cs

csp


=


, 1

1

0
cs

csp


=


and 2

2

0
cs

e


=


, 1

csw
and 2

csw
can be obtained. So, we can get

*

1

cs
,

*

2

cs
,

*

2h
 and 

*csSW . 

Proof of Lemma 3 

By solving second-order partial derivatives, Hessian matrix of bsSW on 1

bsp , 2

bsp and 3e  can be 

written as follows: 
2
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When

2 2

1 2
3 22(1 )k

 


+


− ,we have, 
2

2

2 2 2 2 2

1 1 2 3

2 2

2 1 1 2 3 4

1 0

0 1 (1 )[( ) 2( 1) ] 0bs

k k

H k k k k

k k



   

     

−

= − = − + + − 

+ − −

means that 

bsSW is negative and jointly concave on ( 1 2 3, ,bs bsp p e ). 

Let 1

1

0
bs

bsp


=


, 1

3

0
bs

e


=


, 2

2

0
bs

bsp


=


and 2

3

0
bs

e


=


, we can get

*

1

bsp
,

*

2

bsp
,

*

1

bsq
,

*

2

bsq
,

*

3h
,

*

4h
,

*

3e
,

*

1

bs
, 

*

2

bs
and

*bsSW . 

Proof of Proposition 1 

With

2
2 1 2

1 1 2

( )

2 2

k

k

 
 

+
 +

− ,

2
2 1 2

2 2 2

( )

2 2

k

k

 
 

+
 +

− ,and

2 2

1 2
3 22(1 )k

 


+


−
, we can get: 

*

1 0
osp

k




 ,

*

2 0
osp

k




 , 

*

1 0
csp

k




 ,

*

2 0
csp

k




 ,

*

1 0
bsp

k




 ,

*

2 0
bsp

k




 ; 
*

1 0
osq

k




 ,

*

2 0
osq

k




 , 

*

1 0
csq

k




 , 

*

2 0
csq

k




 ,

*

1 0
bsq

k




 , 

*

2 0
bsq

k




 ; 

* * 1 1 2 1
1 2 2 2 2

1 1 1 2

(1 )[ ( ) (1 )]
0

[(2 2)( ) ( )]

os os a k k
p p

k k

   

   

− − + − +
− = 

− − − +
; 

* * 2 2 1 2
1 2 2 2 2

2 2 1 2

( 1)[( 1) ( )]
0

(2 2 )( ) ( )

cs cs a k k
p p

k k

   

   

− + + −
− = 

− − + +
; 

2 2
* * 2 1

1 2 2 2 2 2

1 2 3

( )
0

(1 )[( ) 2 ( 1)]

bs bs ak
p p

k k

 

  

−
− = 

− + + −
; 

2 2 2
* * 1 2 1

1 2 2 2 2

1 2 1 1

( 1)[( 1) ]
0

( ) (2 2)( )

os os a k k
q q

k k u

  

  

+ − + −
− = 

+ − − −
; 

2 2 2
* * 2 1 2

1 2 2 2 2

2 2 1 2

( 1)[( 1) ]
0

(2 2 )( ) ( )

cs cs k k
q q

k k

  

   

+ − + −
− = − 

− − + +
; 
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2 2
* * 1 2

1 2 2 2 2

3 1 2

( )
0

( 1)[2( 1) ( )]

bs bs a
q q

k k

 

  

−
− = 

− − + +
; 

*

1 1 2 1 2

2 2 2 2

1 1 1 1 2

(1 )( )[ (2 ) ]
0

[(2 2)( ) ( ) ]

osp ak k k k

k k

   

    

 + + − − −
= 

 − − − +
; 

*

2 1 2 1 2

2 2 2 2

1 1 1 1 2

( 1)( )[ (2 ) )]
0

[(2 2)( ) ( ) ]

osp a k k k

k k

   

    

 + + − − −
= 

 − − − +
; 

*

1 2 1 2 1

2 2 2 2 2

2 2 2 1 1 2

(1 )( )[ (2 ) )]
0

[(2 ) (2 2) 2 ]

csp a k k k

k k k

   

     

 + + − − −
= 

 − + − + +
; 

*

2 2 1 2 1

2 2 2 2 2

2 2 2 1 1 2

(1 )( )[ (2 ) )]
0

[(2 ) (2 2) 2 ]

csp ak k k k

k k k

   

     

 + + − − −
= 

 − + − + +
; 

*

1 2 1 2

2 2 2 2

3 3 1 2

2 ( )
= 0

[(2 2) ( )]

bsp ak

k

  

   

 − +


 − + +
; 

*

2 1 1 2

2 2 2 2

3 3 1 2

2 ( )
0

[(2 2) ( )]

bsp ak

k

  

   

 − +
= 

 − + +
; 

* 2

1 1 1 2

2 2 2

1 1 1 2

2 ( 1)( 1)[(2 ) ]
0

[(2 2) ( ) ]

osq a k k k

k k

  

   

 − + − +
= 

 − − +
; 

* 2

2 1 2 1 2

2 2 2 2 2 2

1 1 1 1 2 1 2

( 1)( 1) ( )[( 2) ]
0

[(2 2) 2 2 ]

osq a k k k k

k k k

   

      

 − + − − −
= 
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; 

* 2 2 2 2

1 2 1 2 1

2 2 2 2 2

2 2 2 1 2 1

( 1)( 1) [ (2 4 ) ]
0

[(2 ) (2 2) 2 ]

csq a k k k k

k k k

   

     

 − + + − +
= 

 − + − + +
; 

*

2 2 2 1 2

2 2 2 2 2

2 2 2 1 2 1

(2 2 )[ (1 ) (1 ) 2 ]
0

[(2 ) (2 2) 2 ]

csq a k k k k

k k k

   

     
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= 
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; 

*

1 1 2 2 1

2 2 2 2

3 3 1 2

2 ( )( )
0

[(2 2) ( )]

bsq a k

k

   

   

 + −
= 
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; 

1 2 1 2

2 2 2 2

3 1 2

2 ( )( )
0

[(2 2) ( )]

a k

k

   

  

+ −


− + +
; 

Thus, Proposition 1 is proven. 

Proof of Proposition 2 

With

2
2 1 2

1 1 2

( )

2 2

k

k

 
 

+
 +

−
, 

2
2 1 2

2 2 2

( )

2 2

k

k

 
 

+
 +

−
,and

2 2

1 2
3 22(1 )k

 


+


−
, we can derive: 

*

1 0
os

k




 ,

*

2 0
os

k




 ,

*

1 0
cs

k




 ,

*

2 0
cs

k




 ,

*

1 0
bs

k




 ,

*

2 0
bs

k




 ; 
*

1

1

0
os







,

*

2

1

0
os







,

*

1

2

0
cs







,

*

2

2

0
cs







,

*

1

3

0
bs







,

*

2

3

0
bs







; 

* *

1 2- 0os os  
,

* *

2 1- 0cs cs  
,; 

So, Proposition 2 is proven. 

Proof of Proposition 3 
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*

0
osSW

k




 ,

*

0
csSW

k




 ,

*

0
bsSW

k




 ; 
*

1

0
osSW







,

*

2

0
csSW







,

*

3

0
bsSW







; 

* * 0bs csSW SW−  ; 
* * 0cs osSW SW−  ; 

Therefore, Proposition 3 is proven. 

Proof of proposition 4 

With

2
2 1 2

1 1 2

( )

2 2

k

k

 
 

+
 +

− ,

2
2 1 2

2 2 2

( )

2 2

k

k

 
 

+
 +

−  and

2 2

1 2
3 22(1 )k

 


+


−
, we can derive: 

* 2

1 2 1

2 2 2

1 1 1 1 2

(2 2)( 1)[ ( 2) ]
0

[(2 2)( ) ( )]

ose a k k k

k k

 

    

 − + − −
= 

 − − − +
; 

*

2 2 1

2 2 2 2 2

2 2 2 1 1 2

(2 2 )(1 )[( 2) ]
0

[(2 ) (2 2) 2 ]

cse a k k k

k k k

 

     

 − + − −
= 

 − + − + +
; 

* 2

3 1 2

2 2 2

3 3 1 2

(2 2 )( )
0

[(2 2) ( )]

bse a k

k

 

   

 − − +
= 

 − + +
; 

* *

3 1 0bs cse e− 
; 

* *

1 2 0os cse e− 
; 

So, Proposition 4 is proven. 
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