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app,start app,end( , ]k k  . The three stages are represented by 
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which are defined in a similar way as follows (take dep
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Constraint (2a) is linearized as (2b) by the big-M 
method: 
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The voyaging constraints are formulated as follows: 
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Constraint (2c) presents the relationship between start 
and end time of the three stages. Constraint (2d) ensures 
that ships can only be at one of the three stages at any 
time. Constraint (2e) imposes upper and lower bounds on 
the voyage speed of each stage. Constraint (2f) and (2g) 
present voyage speed and required voyage distance. 
Constraint (2h) states the power balance when ships are 
voyaging, where the first and second terms on the right 
side of the equation represent the propulsion load and 
service load [42]. Constraint (2i) limits the power output 
of DGs. Constraint (2j) and (2k) are operational con-
straints of energy storage system (ESS) when ships are 
voyaging. 

2) Berthing and Queuing 

After arriving the seaport, ships select one type of 
berths and determine their berthing duration, i.e., 
berthing start and departure time. Three binary variables 

SSP

,k tX , e

,k tY  and o

,k tY  are introduced to represent ship 

status: 
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where SSP

,k tX represents SSP linking status of ships. 

considering the time taken for the connec-

tion/disconnection of SSP devices, SSP

,k tX  is equal to 1 

only when ship k is powered by SSP; and 
e/o

,k tY  is equal 

to 1 when ship k is at the seaport and selects SSPB/TB.  

The transform of (3a) and (3b) can be referred to (2b) 

with modified constraints in the third line, i.e., 
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The berthing and queuing constraints are listed as 

follows: 
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In (3c), the first line links voyage and berthing. The 

second line indicates that arrival ships can start berthing 

only when berths are available, where the waiting time 
w,e

kt  and 
w,o

kt  are obtained according to the berth con-

gestion information released by the SA. The third line 

defines departure time. Constraint (3d) ensures that only 

one type of berth can be selected by each ship. 

For ships at SSPB, (3e) is satisfied. The first line is 

power balance constraint. Since DGs are switched off 

when ships are powered by SSP, the second line re-

stricts that DGs work only when ships are waiting in the 

queue and during SSP device connection/disconnection 

process. The third line indicates that SSP replaces DGs 

as the main power source when ships are linking with 

SSP devices. The fourth line limits the charging and 

discharging power of ESS when ships select SSPB. 
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Similarly, ships at TB are limited by (3f). 
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service prices at some periods, Case 1 has lower elec-
tricity purchase and power generation costs. In contrast, 
the flat service price in Case 2 cannot flexibly adjust 
SSP demands. Thus, due to the TOU electricity price of 
the main grid and the quadratic characteristics of gen-
eration cost of seaport generators, Case 2 has higher 
electricity supply costs. 

In Case 3, ships are scheduled as a fleet instead of 

various independent stakeholders. Since the objective is 

to maximizing collective interests of all ships, the total 

costs of all ships are lower than that of Case 1. However, 

the interests of some ships are compromised, which 

might reduce the motivation of these ships to execute 

the collective scheduling schemes in practical opera-

tions. Figure 7 compares the total costs of each indi-

vidual ship in Case 1 and Case 3. The costs of ship#3, 

ship#6 and ship#8 in Case 3 are higher than that in Case 

1. The interests of these ships are sacrificed to minimize 

the total costs of the ship fleet. Correspondingly, the 

costs of ship#1, ship#5 and ship#9 reduce in Case 3 by 

benefiting from collective scheduling. Considering that 

ship#3, ship#6 and ship#8 are actually operated by dif-

ferent individual ship companies, they might lack of 

motivation to be collectively scheduled since their in-

terests are compromised. Thus, although the scheduling 

scheme in Case 3 appears to have a better economic 

performance, it might be difficult to be implemented in 

practical operations since it roughly treats all ships as a 

whole while ignoring the interests of individuals. In 

contrast, the proposed method respects the willingness 

of each individual ship, which is more feasible in prac-

tical operations. 

 

Fig. 7.  The total costs of individual ship in Case 1 and 3. 

Case 4 shows a two-level structure presented in many 

existing literatures, where the berth selection of ships is 

totally evaluated by the SA, and ship self-interested 

CVBQ behaviors are completely ignored. The GR sub-

sidy and SSP service price are calculated under the most 

ideal situation of ship behaviors. Thus, the expected 

values of GR and SA profits are much higher than that 

of Case 1. However, the total costs of ships in Case 4 

also increase greatly. Since ships are self-interested, 

they may lack of motivation to perform as expected due 

to high costs. As a result, the actual profits of GR and 

SA might decrease and deviate from the expected values 

due to the reluctance of ships.  

It can be concluded from Case 3 and Case 4 that the 

self-interested behaviors of ships are crucial for SSP 

service pricing. When ship interests are compromised, 

they may lack of motivation to perform as what the 

upper-level leaders expect. In this case, the actual SSP 

demands might mismatch with the SSP service price. 

The optimality of the pricing strategy decreases, thereby 

reducing the profits of GR and SA. 

E. Sensitivity Analysis 

Sensitivity analysis is developed in this section to 

investigate the impact of exogenous parameters on op-

timization results. 

Figure 8 shows the impact of fuel oil price on results. 

With the fuel oil price increasing, being supported by 

DGs become more expensive than SSP. Less subsidy is 

needed to guarantee the cheapness of SSP service, 

leading to the increase in the GR profits. Although the 

subsidy becomes less, the SA profits change little since 

it can get more profits from ships by setting higher SSP 

service prices. Correspondingly, the costs of ships in-

crease due to higher prices of both fuel oil and SSP 

service. 

 

Fig. 8.  Sensitivity analysis on fuel oil price. 

In Fig. 9, the number of SSPB increases from 1 to 5 

while keeping the total number of berths unchanged. 

When the number of SSPB is low, most ships tend to TB 

because of high waiting costs at SSPB. Although the 

subsidy is relatively high, the profits of GR and SA are 

not considerable. With the increase in number of SSPB, 

more ships choose SSPB and less subsidy is needed. 

The GR and SA profits increase due to more usage of 

SSP services. Besides, since ships are self-interested 

and can make the optimal decisions, their total costs 

change little. 

 
Fig. 9.  Sensitivity analysis on the number of SSPB. 








