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Abstract 6 

Shipping, the backbone of economic development, poses a significant environmental 7 

threat. Many government agencies have implemented regulations to mitigate ship air 8 

pollution. Three commonly used methods for compliance during berthing are marine 9 

diesel oil, scrubber, and shore power. Scrubber and shore power have greater emission 10 

reduction potential but can be costlier than marine diesel oil. To encourage their 11 

adoption, we optimize the subsidy plan through a bi-level mixed integer programming 12 

model where the government at the upper level minimizes the total subsidy amount 13 

while ship operators at the lower level choose the most cost-effective energy supply. 14 

The problem's complexity arises from the interdependence in the bi-level structure and 15 

the nonlinearity in the model. We address this by first converting the model into an 16 

equivalent single-level form and then reformulating the model by linearization. 17 

Numerical experiments are conducted to assess the model's performance. Results 18 

suggest that the promotion of scrubber or shore power starts with large ships in the 19 

initial stage. Increasing the number of ships with these technologies reduces subsidies. 20 

Additionally, each subsidy corresponds to a specific utilization range, allowing the 21 

government to adjust amounts based on target utilization levels. 22 
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1. Introduction27 

Environment is the foundation for human survival and development, so28 

environmental protection has undoubtedly become the consensus of all walks of life. 29 

Shipping, the backbone of economic development, has become one of the biggest 30 

threats to the environment. According to the Fourth IMO GHG Study, shipping 31 

emissions, including greenhouse gas (GHG), SOx, and particulate matter (PM), 32 

represent a non-negligible percentage of total annual anthropogenic emissions and are 33 

increasing every year. These exhaust emissions cause more than 70,000 premature 34 

deaths annually all over the world (Huang, et al. 2018). Endresen et al. (2003) show 35 

that nearly 70% of ship emissions come within 400 km of land, greatly contribute to air 36 

quality degradation in coastal areas. This pollution is of particular concern due to its 37 

proximity to the population in coastal areas and its potential to grow continually. If no 38 

effective control measures are implemented, problems caused by exhaust emissions will 39 
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be exacerbated. 40 

  To reduce ship air pollution, IMO (International Maritime Organization) enacted 41 

MARPOL Annex VI1 to limit the main air pollutants, SOx and NOx, contained in ships 42 

exhaust gas and revised it by reducing the maximum sulphur content in the exhaust gas 43 

to 0.1% by 2015 in emission control area (ECA) and globally to 0.5% by 2020. This 44 

sulphur content cap could be achieved by using abatement technologies, such as 45 

scrubber, or alternative compliant fuels. 46 

  According to the Fourth IMO GHG Study, heavy fuel oil (HFO), cheap but high in 47 

sulphur, remains the dominant fuel in international shipping, accounting for 79% of 48 

total fuel consumption by energy content in 2018. This type of oil, with a sulphur 49 

content of up to 3.5%, cannot meet the requirement of IMO and thus needs to use 50 

scrubber to clean exhaust gap before emission. Marine diesel oil (MDO) that is more 51 

expensive than HFO but can abide by the 0.5% sulphur content regulation has 52 

experienced 6% market share growth in recent years. Another emerging and promising 53 

energy supply method, shore power, has been successfully implemented in several ports 54 

around the world (Qi, Wang, and Peng 2020). All these methods could greatly reduce 55 

sulphur emission and comply with IMO regulations, but their efficiency and costs vary 56 

significantly. For example, scrubber can reduce 90–99% SOx and 60–85% PM and 57 

using shore power will not generate emissions in port areas. As for the cost, the 58 

acquisition costs of scrubbers for 15,000, 110,000, and 310,000 dwt ships are 2.6, 3.3 59 

and 4.2 million USD respectively (Lindstad, Rehn, and Eskeland 2017). Prices of HFO 60 

and MDO change every day. Taking Singapore as an example, the prices of HFO and 61 

MDO were 390 and 648.5 USD/mt, respectively, on 7 February 2023, but changed to 62 

406.5 and 662.5 USD/mt, respectively, on the next day. The modification cost of a ship 63 

to receive onshore power ranges from 500,000 to 2 million USD (Wang, Mao, and 64 

Rutherford 2015). The shore power price ranged between 0.17 and 0.2 USD/kWh for 65 

ports along the coastline of China in 2019 (Wang, Qi, and Laporte 2022). Since ship 66 

operators are most concerned with cost, they usually choose the least costly method, 67 

which may not be the most ideal approach to environmental protection. Therefore, the 68 

government needs to make subsidy plan to reduce the cost born by ship operators to 69 

steer them towards efficient green methods. 70 

  Therefore, this research involves two decision-making parties: the government aims 71 

to achieve the desired utilization level2 of each method at the lowest subsidy cost, while 72 

the ship operators adopt the least costly energy generating method. A bi-level 73 

optimization model is developed to formulate this problem, which is difficult to solve 74 

 
1  The introduction of MARPOL Annex VI can refer to this website: 

https://www.imo.org/en/OurWork/Environment/Pages/Index-of-MEPC-Resolutions-and-Guidelines-

related-to-MARPOL-Annex-VI.aspx  
2 Since green technologies such as scrubber and shore power can significantly reduce harmful emissions, 

to promote the use of these technologies, some governments may set target utilization level. For example, 

the California Air Resources Board (CARB) requires that every vessel coming into a regulated California 

port either use shore power (e.g., plug in to the local electrical grid) or a CARB-approved control 

technology, such as scrubber, to reduce harmful emissions. 

https://www.imo.org/en/OurWork/Environment/Pages/Index-of-MEPC-Resolutions-and-Guidelines-related-to-MARPOL-Annex-VI.aspx
https://www.imo.org/en/OurWork/Environment/Pages/Index-of-MEPC-Resolutions-and-Guidelines-related-to-MARPOL-Annex-VI.aspx
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due to the interdependence and nonlinearity. We therefore convert the bi-level model 75 

into single-level model and linearize the nonlinear components to make it 76 

computationally tractable. Several numerical experiments are conducted to evaluate the 77 

performance of the model. Valuable managerial insights are also derived from 78 

sensitivity analyses. 79 

  The rest of the paper is organized as follows. Section 2 briefly reviews related 80 

literature. Section 3 describes the problem and formulates it as a bi-level mixed integer 81 

programming model. The solution method is proposed in Section 4 and several 82 

numerical experiments are conducted in Section 5. Finally, we provide a conclusion in 83 

Section 6. 84 

 85 

2. Literature review 86 

  The improvement of environmental awareness has made scrubber and shore power 87 

hot topics. There are many studies discussing their economic feasibility as well as 88 

environmental benefits. Panasiuk and Turkina (2015) use cash flow model to compare 89 

the profitability of scrubber and low sulphur fuel under IMO emission requirements. It 90 

mentions that investment in scrubber is an effective choice. Lindstad, Rehn, and 91 

Eskeland (2017) explore the ways to abide by IMO Sulphur regulations. It recommends 92 

scrubber for ships with the highest fuel consumption, diesel for smaller vessels when 93 

price of crude oil is lower than $50 per barrel, and desulphurised HFO for less fuel-94 

guzzling ships. Andersson, Jeong, and Jang (2020) compare two different types of wet 95 

scrubber via life cycle assessment technique. Closed-loop scrubber is preferred when 96 

environment is the priority while open-loop scrubber is better if payback time is more 97 

important. Zis, Cullinane, and Ricci (2022) investigate economic and environmental 98 

impacts under a series of sulfur reduction regulations. The quantitative analysis 99 

confirms that scrubber is more suitable when fuel price is high and ships sail longer 100 

time. Similar research can be found on shore power. Yu, Voß, and Tang (2019) study 101 

whether it is beneficial to install shore-side electricity equipment and the best time to 102 

invest. A case study of Dalian port indicates that ships with higher visiting frequency 103 

are more suitable to be equipped with shore power devices; It is more cost-effective for 104 

domestic and near-sea shipping to use alternatives to shore power, such as LNG or 105 

scrubber; Larger ships are more environmentally beneficial. Lathwal, Vaishnav, and 106 

Morgan (2021) investigate cost and emission reduction when ships switch from high-107 

sulfur fuel to shore-based electricity. Results show that using shore power could reduce 108 

88% PM2.5, 39% SO2, 85% NO (x), $73 million for high-sulfur fuel, and $370 million 109 

for low-sulfur fuel, but increases CO2 emissions by 17%. Stolz et al. (2021) also 110 

quantify emission reduction when ships switch from fossil fuels to shore side electricity. 111 

It uses Automatic Identification System (AIS) and Monitoring, Reporting and 112 

Verification (MRV) scheme data to estimate the auxiliary power demand and emissions 113 

at berth for ports in the European Economic Area (EEA) and the United Kingdom (UK). 114 

Sun et al. (2022) study the emission reduction effect of ship berthing using shore power. 115 

It finds that using shore power requires specific conditions and only a few cities are 116 

suitable for using shore power. 117 

  The environment protection of scrubber and shore power has been widely recognized, 118 



4 

 

but the investment for these technologies is expensive (Acciaro et al. 2014; Yin et al. 119 

2022). To promote the use of scrubber and shore power and to protect environment, the 120 

government usually adopts subsidies. Wang, Qi, and Laporte (2022) design shore power 121 

price and subsidy to use shore power. The research finds that pricing and subsidy are 122 

effective ways to drive shore power usage, while setting an unreasonably high shore 123 

power utilization rate has a negative impact on total profit of ports. Song et al. (2022) 124 

use game theory to discuss the influences of government subsidy plan on the usage of 125 

shore power between two shipping companies. Compared to other interventions (e.g., 126 

environmental taxes and requirements to improve marine oil specifications), subsidies 127 

are proved to be better for satisfying multiple participants. Wang, Jiao, and Peng (2023) 128 

also use game theory to investigate the impact of government subsidy on shipping 129 

company’s choice of powering method under different power structures. By comparing 130 

the profits with and without government subsidy, it concludes that whether 131 

governmental subsidy will have impact on shipping company’s choice of shore power 132 

or lower sulfur fuel oil depends on carbon price. Lu and Huang (2021) optimize the 133 

deployment of shore power considering government subsidy. It finds the optimal 134 

conditions for different subsidy strategies. 135 

  When considering subsidy, usually multiple parties are involved. Bi-level 136 

optimization is a common method for solving multi-party problem (Cai et al. 2020; Liu, 137 

Wilson, and Luo 2016). Feng, Pang, and Lodewijks (2015) develop a bi-level model to 138 

solve hinterland barge transport planning problem involving both terminal and barge 139 

operators. The lower level minimizes turn-around time for barge agent, while the upper 140 

level makes sure more requests could be handled at terminal. Chang et al. (2019) 141 

redesign maintenance grouping strategies considering interactions between original 142 

equipment manufacturer (OEM) and service providers. The upper-level OEM 143 

simultaneously minimizes total maintenance service cost, downtime profit loss, and 144 

customer dissatisfaction, while all service providers at lower level could select their 145 

service components and corresponding service time. Yang, Luo, and Shi (2020) solve 146 

problems caused by uncoordinated subsidies for rail transportation of containers in 147 

different regions. It develops a bi-level model with network planner in the upper level 148 

to decide the optimal subsidy and shippers in the lower level to optimize cost. 149 

  After reviewing literature, we can find that most research considers only one 150 

innovative technology to solve environmental problem in maritime industry. However, 151 

the proliferation of pollution abatement technologies gives ships at berth more options. 152 

Therefore, one contribution of this research is to simultaneously consider three 153 

techniques: MDO, scrubber, and shore power. Besides, increasing the number of 154 

available techniques does not change the model, which means this model is very 155 

flexible for practical policy making. There are price differences between these three 156 

technologies, so in order to promote a certain technology, we need to consider subsidy. 157 

Another contribution is that we consider ship type and target utilization level of three 158 

techniques when designing subsidy. Under the same subsidy plan, ships in different 159 

types will act differently. Different utilization level will influence subsidy plan. 160 

Therefore, results obtained from the model considering ship type and target utilization 161 

level are more instructive for practical implementation. The third contribution is that 162 
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we propose a bi-level mixed integer programming model to solve the problem which is 163 

rarely used in subsidy design in ship operation management.  164 

 165 

3. Model formulation 166 

3.1 Problem description 167 

This section presents a bi-level optimization model involving government and ship 168 

operators. The methodological framework is the Stackelberg game where the 169 

government is the leader that determines subsidy for each energy generation method, 170 

aiming to achieve the desired utilization levels at the lowest cost, while the ship 171 

operators are followers that choose the lowest cost energy generation method 172 

considering government subsidies.  173 

In this article we consider a port that abides by 0.5% sulphur content regulation and 174 

has already installed shore power facilities to provide shore power service to ships. 175 

Ships that visit this port can be divided into four types: without scrubber and shore 176 

power equipment, with only scrubber, with only shore power equipment, and with both 177 

scrubber and shore power equipment. The first type can only use MDO to supply energy 178 

while berthing. The second can choose between MDO and HFO. If HFO is used, 179 

exhaust gas needs to be cleaned by scrubber. The third can choose between MDO and 180 

shore power. The last one can choose among MDO, HFO, and shore power. The energy 181 

generation methods while berthing, i.e., MDO, HFO, and shore power, are represented 182 

by a set 𝐼 . It is indexed by 𝑖  with 𝑖 = 0  indicating a ship uses MDO to generate 183 

energy, 𝑖 = 1 indicating a ship uses HFO to provide energy while using scrubber to 184 

clean exhaust gas, and 𝑖 = 2  indicating a ship uses shore power to supply energy. 185 

Ships visiting this port are represented by a set 𝑉. We assume that information about 186 

ship set 𝑉 is known, including total number of ships, equipment that each ship owns, 187 

total energy consumption while berthing, and cost of each method to provide required 188 

energy. The total number of ships visiting this port is denoted by 𝑛. The number of 189 

ships equipped with scrubber but not shore power, with shore power but not scrubber, 190 

and with both scrubber and shore power is denoted as 𝑛𝑠, 𝑛𝑝, and 𝑛𝑠𝑝, respectively. 191 

Since using scrubber and shore power could greatly reduce sulphur emissions, 192 

government has set the minimum utilization levels 𝛼 and 𝛽 of the two technologies, 193 

where 𝛼 ≤
𝑛𝑠+𝑛𝑠𝑝

𝑛
 , 𝛽 ≤

𝑛𝑝+𝑛𝑠𝑝

𝑛
 , and 𝛼 + 𝛽 ≤

𝑛𝑠+𝑛𝑝+𝑛𝑠𝑝

𝑛
 . To achieve these levels, 194 

government needs to provide subsidy 𝑠𝑖 for a ship that uses energy generation method 195 

𝑖 ∈ 𝐼 to lower the energy cost. The operator of ship 𝑣 ∈ 𝑉 react according to subsidy 196 

to make decisions 𝑥𝑖
𝑣 on whether to use power generation method 𝑖 (𝑥𝑖

𝑣 = 1) or not 197 

(𝑥𝑖
𝑣 = 0). 198 

 199 

3.2 Mathematical model 200 

  Before presenting the mathematical model, we list all the notations in Table 1.  201 

  202 
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Table 1. Notations used in this research 203 

Notations Definition 

Sets and Indices 

𝐼 
Set of energy supply methods while berthing, where 𝐼 = { 0 MDO, 

1 HFO+scrubber, 2 shore power} 

𝑉 Set of ships visiting a port 

𝑖 Index of energy supply method while berthing, 𝑖 ∈ 𝐼 

𝑣 Index of a ship, 𝑣 ∈ 𝑉 

Parameters 

𝐶𝑖
𝑣 

Cost of powering ship 𝑣  using method 𝑖  (it does not include 

government subsidy) 

𝐾𝑖
𝑣 

Binary parameter,  1 if ship 𝑣 can be powered by method 𝑖, and  0 

otherwise 

𝛼 The minimum utilization level of scrubber 

𝛽 The minimum utilization level of shore power 

Decision variables 

𝑥𝑖
𝑣 

Binary variable,  1 if ship 𝑣 uses method 𝑖 to generate energy, and 

 0 otherwise 

𝑠𝑖 Government subsidy for using method 𝑖 

𝑥⃗𝑣 Vector of decision variable 𝑥𝑖
𝑣 for ship 𝑣, where 𝑥⃗𝑣 = (𝑥0

𝑣, 𝑥1
𝑣 , 𝑥2

𝑣) 

𝑠 Vector of decision variable 𝑠𝑖, where 𝑠𝑖 = (𝑠0, 𝑠1, 𝑠2) 

  Then, the problem faced by the government can be described by the following model: 204 

Min ∑ ∑ 𝑠𝑖𝑖∈𝐼𝑣∈𝑉 𝑥𝑖
𝑣 (1) 205 

subject to 206 

∑ 𝑥1
𝑣

𝑣∈𝑉

|𝑉|
≥ 𝛼 (2) 207 

∑ 𝑥2
𝑣

𝑣∈𝑉

|𝑉|
≥ 𝛽 (3) 208 

𝑠𝑖 ≥ 0, ∀𝑖 ∈ 𝐼 (4) 209 

𝑥⃗𝑣 ∈ Φ𝑣(𝑠) , ∀𝑣 ∈ 𝑉 (5) 210 

where Φ𝑣(𝑠) is determined by the following model: 211 

Φ𝑣(𝑠) = argmin ∑ (𝐶𝑖
𝑣 − 𝑠𝑖)𝑥𝑖

𝑣
𝑖∈𝐼  (6) 212 

subject to 213 

∑ 𝑥𝑖
𝑣

𝑖∈𝐼 = 1 (7) 214 

𝑥𝑖
𝑣 ≤ 𝐾𝑖

𝑣, ∀𝑖 ∈ 𝐼 (8) 215 

𝑥𝑖
𝑣 ∈ {0,1}, ∀𝑖 ∈ 𝐼. (9) 216 

  The objective function (1) aims to minimize total subsidy. Constraint (2) and (3) set 217 

utilization rate for scrubber and shore power separately. Constraints (4) specify the 218 

domains of the subsidy decision. Parameters 𝑥𝑖
𝑣 depend on decisions of ship operators, 219 

which are denoted by Φ𝑣(𝑠). 220 

  Since each ship makes decisions independently, we build Φ𝑣(𝑠) for each ship 𝑣 ∈221 

𝑉 . The objective function (6) aims to minimize its energy cost while berthing. 222 

Constraint (7) requires that each ship must choose one method for energy supply. 223 

Constraints (8) state that if a ship is to be powered by certain method, it must have 224 
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corresponding equipment. Constraints (9) are domains of decision of ship operators. 225 

 226 

4. Solution method 227 

  The problem is difficult to solve because of the interdependence between bi-level 228 

structure. The leader’s decisions have an impact on the follower’s decisions, which in 229 

turn, influence the leader’s objective function value. What is more, the problem is non-230 

linear. Therefore, we first convert the bilevel model into an equivalent single-level 231 

model, and then reformulate the model by linearization. This new model could be easily 232 

solved by an off-the-shelf CPLEX solver. 233 

 234 

4.1 Single-level model 235 

  Since ship operators are most concerned with cost, they will choose the available and 236 

least costly method of energy generation. Therefore, the decision-making process at the 237 

ship level can be represented by the following constraints: 238 

(𝐶𝑖
𝑣 − 𝑠𝑖) − (𝐶𝑗

𝑣 − 𝑠𝑗) ≤ 𝑀𝑣(1 − 𝑥𝑖
𝑣 + 1 − 𝐾𝑗

𝑣), ∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐼\{𝑖}, 𝑣 ∈ 𝑉 (10) 239 

where 𝑀𝑣 = max
𝑖=0,1,2

𝐶𝑖
𝑣 ⁡. 240 

  Constraints (10) ensure that ship operator will choose the available and lowest cost 241 

method. 242 

 243 

4.2 Model linearization 244 

  The objective (1) contains the product of decision variables, namely 𝑠𝑖𝑥𝑖
𝑣 . We 245 

linearize it by introducing decision variables 𝑧𝑖
𝑣, which means the subsidy for ship 𝑣 246 

to be powered by method 𝑖. Then, the objective function is converted to: 247 

Min ∑ ∑ 𝑧𝑖
𝑣

𝑖∈𝐼𝑣∈𝑉  (11) 248 

with four set of constraints: 249 

𝑠𝑖 − 𝑧𝑖
𝑣 ≤ 𝑀̂(1 − 𝑥𝑖

𝑣) , ∀𝑖 ∈ 𝐼, 𝑣 ∈ 𝑉 (12) 250 

𝑧𝑖
𝑣 ≥ 0, ∀𝑖 ∈ 𝐼, 𝑣 ∈ 𝑉 (13) 251 

𝑧𝑖
𝑣 ≤ 𝑠𝑖, ∀𝑖 ∈ 𝐼, 𝑣 ∈ 𝑉 (14) 252 

𝑧𝑖
𝑣 ≤ 𝑀̂𝑥𝑖

𝑣, ∀𝑖 ∈ 𝐼, 𝑣 ∈ 𝑉 (15) 253 

where 𝑀̂ = max
𝑣∈𝑉

max
𝑖=0,1,2

𝐶𝑖
𝑣. 254 

  The bilevel model is therefore converted into an equivalent single-level model with 255 

objective function (11) and constraints (2)–(4), (7)–(9), (10), (12)–(15). 256 

 257 

5. Numerical experiments 258 

  In this section, we conducted multiple numerical experiments to validate the model 259 

and derive managerial insights. These experiments have different values of crucial 260 

parameters, including 𝐶𝑖
𝑣, 𝐾𝑖

𝑣, 𝛼, and 𝛽. All the experiments were carried out on a 261 

Dell XPS 15 9500 laptop with i7-10750H CPU, 2.60 GHz processing speed and 16 GB 262 

of memory. The model was implemented in C++ and solved by CPLEX 12.10. 263 

 264 

 265 
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5.1 Parameter setting 266 

  The parameters were based on existing studies and reports. The Port of Shanghai 267 

(POS) is selected to test subsidy plan under different experiments. Dai et al. (2019) 268 

divide container ships visiting POS into 4 categories according to their capacities, i.e., 269 

0–4000 TEU, 4000–8000 TEU, 8000–12000 TEU and 12000 + TEU. For each category, 270 

ships fall into this category are the same, which means that these ships have the same 271 

capacity, power consumption at berth, and gross tonnage that are set to the average 272 

values of this category. The total annual energy consumption for ships that belong to 273 

category 𝑡 while berthing is calculated by following equations: 274 

𝐸𝑡 = 𝑁𝑡 × 𝐴𝑃𝑡 × 𝑇𝑡 (16) 275 

𝐴𝑃𝑡 = 𝑊𝑡 × 𝑅 × 𝐿 (17) 276 

where 𝐸𝑡  is the total annual energy consumption at berth (kWh); 𝑁𝑡  is the total 277 

number of annual ship calls; 𝐴𝑃𝑡 is average power consumption at berth (kW); 𝑇𝑡 is 278 

the average berthing time for each ship call (h). Since when ships use shore power, it 279 

takes an average of 2 hours to connect devices, we added 2 hours to 𝑇𝑡 for ships using 280 

shore power. 𝑊𝑡 is the gross tonnage of the ships in category 𝑡 (ton). 𝑅 is the ratio 281 

of power consumption by tonnage, set to 0.2 kW/t, and 𝐿 (set to 0.17) is load factor 282 

that measures the utilization rate of power consumption. The values of parameters 283 

related to energy consumption are shown in Table 2.  284 

 285 

Table 2. Parameter values related to the ship category 286 

 Ship category 

I II III IV 

Average capacity (TEU) 2000 6000 10,000 15,000 

Average gross tonnage (ton) 20,000 60,000 100,000 150,000 

Total ship calls 6612 2628 1608 1152 

Average time at berth (h) 33.2 19.8 24.8 28.9 

 287 

To calculate cost for each energy supply method per ship call, we first calculate 288 

energy consumption of each energy supply method. For MDO and HFO, we need to 289 

multiply energy conversion rate. As shown in Wild (2005), it takes an average of 244g 290 

MDO or 260.5g HFO to generate 1 kWh energy. We then multiply energy consumption 291 

by the corresponding energy price. The price information is obtained from Lindstad, 292 

Rehn, and Eskeland (2017) and Yu, Voß, and Tang (2019). The prices for MDO, HFO, 293 

and shore power are 644 USD/mt, 491 USD/mt, and 0.12 USD/kWh. Having cost and 294 

energy consumption information, the energy cost using different energy supply methods 295 

for a ship call can be calculated. The results are shown in Table . 296 

 297 

Table 3. Costs (dollar) of energy supply methods per ship call 298 

 Ship category 

I II III IV 

MDO 3548 6347 13250 23160 

HFO 6299 7607 14182 23306 

Shore power 6489 8024 14606 23673 
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Table 2 shows ship category according to average gross tonnage. We also mentioned 299 

in Section 3.1 that ships visiting a port can be divided into four types: without scrubber 300 

and shore power equipment, with only scrubber, with only shore power equipment, and 301 

with both scrubber and shore power equipment. Therefore, we have 16 ship types and 302 

we use parameter 𝑟𝑐
𝑡 to represent the ratio of ships that are equipped with 𝑡 devices, 303 

where 𝑡 = {neither, scrubber, shore power, both}, in category 𝑐, where 𝑐 = {I, II, III, 304 

IV} . For example, if 𝑟𝐼
𝑠𝑐𝑟𝑢𝑏𝑏𝑒𝑟 = 5% , it means that the number of ships that are 305 

equipped with scrubber in category I is 331 (6612 × 5%). We set 6 scenarios for the 306 

ratio which are shown in Table . We assume that the proportion of ships equipped with 307 

a certain device is equal in different ship categories. 308 

 309 

Table 4. Scenarios for type ratio 310 

 Neither Scrubber Shore power Both 

Scenario 1 85% 5% 5% 5% 

Scenario 2 70% 10% 10% 10% 

Scenario 3 55% 15% 15% 15% 

Scenario 4 40% 20% 20% 20% 

Scenario 5 25% 25% 25% 25% 

Scenario 6 10% 30% 30% 30% 

 311 

5.2 Computational performance 312 

  We set both 𝛼 and 𝛽 to 5% under 6 scenarios. The computational results under 6 313 

scenarios are shown in Table 3. The second column is the total subsidy for all ship calls. 314 

The third column is the subsidy for each energy supply method for one ship call, where 315 

the first number is the subsidy for using MDO, the second one is the subsidy when 316 

powering ships with HFO and cleaning exhaust gas with scrubber, and the last number 317 

is the subsidy for using shore power. The last column is the running time. 318 

 319 

Table 3. Results for 6 scenarios 320 

 Objective (USD) Subsidy for Methods (USD) Time (s) 

Scenario 1 3415200 {0, 2751, 2941} 2.75 

Scenario 2 1762200 {0, 1260, 1677} 14.3 

Scenario 3 1372800 {0, 932, 1356} 37.02 

Scenario 4 1372800 {0, 932, 1356} 121.27 

Scenario 5 1372800 {0, 932, 1356} 109.94 

Scenario 6 - - >7200 

  Note: “-“ means results cannot be obtained within 7200s. 321 

Table 3 shows that under the same value of 𝛼 and 𝛽, increasing the proportion of 322 

ships equipped with scrubber and shore power devices could reduce total subsidy. 323 

Because both shore power and scrubber have scale economy, which means it is more 324 

beneficial for large-size ships. With the increase of ship size, the cost gap between 325 

energy supply methods becomes smaller and thus the subsidies for energy supply 326 

methods decrease. From scenario 1 to 6, the ratio of ships equipped with scrubber, shore 327 

power devices, and both increase from 5% to 30%, which means more large ships have 328 
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the mentioned equipment. Since the subsidy for larger ships is cheaper and the 329 

requirements for ships using scrubber and shore power remain the same, more large-330 

size ships will be subsidized and thus the total subsidy reduces. 331 

  The subsidy for each energy supply method will also reduce. As ships will choose 332 

the cheapest available supply method (i.e., MDO), to make ships use scrubber, the 333 

subsidy for using scrubber should be at least the cost gap between MDO and scrubber. 334 

It is the same for shore power. Since we set requirements for both scrubber and shore 335 

power, the cost for these three methods should be equal for at least one category. The 336 

cost gaps decrease as ship size increases. With more large ships being able to use 337 

scrubber and shore power, the subsidies for these two methods decrease. 338 

  Solution time increases with scenario and for scenarios 6, results even cannot be 339 

obtained within 7200s. Because as the ratio increases, the constraints become more and 340 

more relaxed, the number of iterations increases during the solution process, and the 341 

convergence becomes slower, so the solution time becomes longer. 342 

  Figure 1 shows the proportion of ships using different energy supply methods in each 343 

category under 5 scenarios (Results for scenarios 6 are not shown since we did not 344 

obtain them). We can find that the proportion of ships using scrubber and shore power 345 

decreases in category I and II while increases in category III and IV when the ratio of 346 

ships equipped with these devices increases. This suggests that when promoting 347 

scrubber and shore power in maritime industry, it is more cost-effective to implement 348 

on large ships. 349 

 350 

 351 

Figure 1. The proportion of ships using different energy supply methods in each 352 

category under 5 scenarios 353 

 354 

5.3 Sensitivity analysis 355 

  In this section, we investigated the impacts of some crucial parameters, such as 𝛼, 356 

𝛽, and 𝐾𝑖
𝑣. Since all scenarios should have the same trend, only with different key 357 

points, we conducted the sensitivity analysis on scenario 1.  358 

  In scenario 1, the ratios of ships equipped without any devices, with only scrubber, 359 

with only shore power devices, and with both equipment are 85%, 5%, 5%, and 5%, 360 

respectively. To study the impacts of 𝛼 and 𝛽, we set one of them to 0 and the other 361 



11 

 

from 1% to 10%. Figure 2 shows the proportion of ships using a certain energy supply 362 

method in different ship types with the change of 𝛼 and 𝛽. I, II, III, and IV represent 363 

ship category, which were mentioned in section 5.1. N, S, P, and B represent the 364 

equipment owned by ships, where N means ships have neither scrubber nor shore power 365 

devices, S means ships only have scrubber, P means ships only have shore power 366 

equipment, and B means ships have both devices. Therefore, we can obtain 16 ship 367 

types. Figures 2(a,b) show the impacts of 𝛼, which means 𝛽 was set to 0. Therefore, 368 

none of the ships chose shore power because of the expensive cost. With the increase 369 

of 𝛼, the proportion of scrubber-capable ships using MDO is on the decline, such as 370 

IS, IB, IIS, IIB, IIIS, IIIB, IVS, and IVB. While the proportion of using scrubbers is on 371 

the rise for these ship types. The ratio of category IV changes first, until category I, 372 

because the subsidy for ships of category IV to use scrubber is the cheapest while the 373 

most expensive for category I. The ratio for IVB remains at 0 for MDO utilization while 374 

100% for HFO. Because all ship calls of this type represent less than 1% of the total 375 

number of ship calls. Therefore, to achieve 1% scrubber utilization, all ship calls of this 376 

type chose HFO. For ships belong to N and P, since they are not equipped with scrubber, 377 

they can only use MDO. The ratio for these ships remains at 100% for MDO utilization 378 

while 0 for HFO. 379 

  The same trend can be found for the impacts of⁡ 𝛽⁡ in Figures 2(c,d), but for the 380 

different ship types. The proportion of ships belong to P and B using MDO declines, 381 

while increases for using shore power. For ships belong to N and S, since they do not 382 

have shore power equipment, they can only use MDO. The ratio for these ships remains 383 

at 100% for MDO utilization while 0 for shore power. The change for category I to IV 384 

also has a similar pattern. 385 

 386 

 

(a) The impact of 𝛼 on the usage of MDO 

 

(b) The impact of 𝛼 on the usage of HFO 

 

(c) The impact of 𝛽 on the usage of MDO 

 

(d) The impact of 𝛽 on the usage of shore power 

Figure 2. The proportion of ships using different energy supply methods 387 
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 388 

  The impacts of 𝛼 and 𝛽 on subsidy is shown in Figure 3. When we discuss the 389 

impacts of 𝛼, the subsidy for both MDO and shore power are 0. Therefore, we only 390 

show the trend for the subsidy for scrubber. This is the same for 𝛽, where we only show 391 

the subsidy for shore power. We can see that with the increase of 𝛼 and 𝛽, the subsidy 392 

for scrubber and shore power also increases. Because large ships require less subsidies, 393 

they are given priority. 394 

 395 

 396 

Figure 3. The impacts of 𝛼 and 𝛽 on subsidy 397 

 398 

To investigate the impacts of 𝐾𝑖
𝑣, we designed a new scenario where all ships are 399 

equipped with both scrubber and shore power devices, because we want to figure out 400 

what the subsidy plan will be without equipment restriction. When all ships can choose 401 

among all the energy supply methods, they will choose the cheapest one. Table 6 shows 402 

the subsidy for scrubber and the range of 𝛼 when only subsidy for scrubber is allowed. 403 

When no subsidy is given, all ship calls chose MDO. When the subsidy is 146, the cost 404 

of using MDO and HFO is the same for ship category IV. Therefore, all ship calls of 405 

category IV can choose between MDO and HFO. When the subsidy is 932, the cost of 406 

using MDO and HFO is the same for ship category III, while HFO is the cheapest in 407 

category IV. Therefore, all ship calls of category IV chose HFO while those of category 408 

III can choose between MDO and HFO. It is the same when subsidy is 1260 and 2750. 409 

Table 7 shows the subsidy for shore power and the range of 𝛽 when only subsidy for 410 

shore power is allowed. Table 8 shows the subsidy for scrubber and shore power and 411 

the range of 𝛼 and 𝛽. The calculation rule for subsidy and the range is the same as 412 

that in Table 6. Figure 4 compares the subsidy for scrubber and shore power under seven 413 

scenarios when 𝛼  and 𝛽  are set to 5%. We can find that when more ships are 414 

equipped with scrubber and shore power devices, the subsidy can be reduced during 415 

promotion. 416 

  417 
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Table 6. The subsidy for scrubber and the range of 𝛼 when only subsidy for 418 

scrubber is allowed 419 

Subsidy for scrubber The range of 𝛼 

0 0 

146 0–9.6% 

932 9.6%–23% 

1260 23%–44.9% 

2750 44.9%–100% 

 420 

Table 7. The subsidy for shore power and the range of 𝛽 when only subsidy for shore 421 

power is allowed 422 

Subsidy for shore power The range of 𝛽 

0 0 

513 0–9.6% 

1356 9.6%–23% 

1677 23%–44.9% 

2941 44.9%–100% 

 423 

Table 8. The subsidy for scrubber and shore power and the range of 𝛼 and 𝛽 424 

Subsidy for 

scrubber 

Subsidy for 

shore power 
The range of 𝛼 

The range of 

𝛽 

The range of 

𝑎 + 𝑏 

0 0 0 0 0 

146 513 0–𝑎 0–𝑏 0–9.6% 

932 1356 0–𝑎 9.6%–9.6%+𝑏 0–13.4% 

1260 1677 13.4%–13.4%+𝑎 9.6%–9.6%+𝑏 0–21.9% 

2750 2941 44.9%–44.9%+𝑎 0–𝑏 0–55.1% 

 425 

 426 

Figure 4. The subsidy for scrubber and shore power under 7 scenarios 427 

 428 

  We could also study the impacts of 𝐶𝑖
𝑣. But it is obvious that reducing cost could 429 

reduce subsidy because the gap will become closer. When technology development 430 
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makes the cost of using scrubber and shore power lower than MDO, no subsidy will be 431 

needed. All ships will actively choose these two supply methods. 432 

  From the analysis of section 5.2 and 5.3, we can obtain the following managerial 433 

insights. First, in the initial stage of the promotion of scrubber or shore power, we 434 

should start with large ships. This is because there is scale economy when installing 435 

scrubber or shore power for large ships. Besides, large ships consume more energy. The 436 

unit energy consumption cost of HFO and shore power is lower than MDO. Therefore, 437 

it is more cost-effective and easier to persuade large ships to use scrubber or shore 438 

power than small-size ships. Second, increasing the number of ships equipped with 439 

scrubber or shore power will reduce subsidy. Usually, the government chooses a one-440 

time subsidy for ships willing to install the equipment. This research suggests that the 441 

government could also consider subsidizing ships for usage of scrubber or shore power. 442 

The more ships that are willing to install these devices, the less subsidy that the 443 

government will pay. Third, each subsidy corresponds to a utilization range. The 444 

government can choose the subsidy amount according to the target utilization level. 445 

 446 

6. Conclusion  447 

  This research optimizes subsidy plan to promote the use of scrubber and shore power 448 

in maritime industry to reduce berth emissions. A bi-level optimization model is 449 

developed to formulate this problem where the government in the upper level 450 

minimizes total subsidy amount, while ship operators in the lower level choose the 451 

cheapest available energy supply method. The problem is difficult to solve due to the 452 

interdependence and nonlinearity. We therefore convert the bi-level model into single-453 

level model and linearize the nonlinear components to make it computationally 454 

tractable.  455 

We conduct several numerical experiments using the data of Port of Shanghai to 456 

evaluate the performance of the model. Results suggest that in the initial stage of the 457 

promotion of scrubber or shore power, we should start with large ships. Besides, 458 

increasing the number of ships equipped with scrubber or shore power will reduce 459 

subsidy. Third, each subsidy corresponds to a utilization range. The government can 460 

choose the subsidy amount according to the target utilization level. These results can 461 

provide guidance for the practical implementation of subsidies to promote the adoption 462 

of green technologies. 463 

One limitation of this research is that we use average value of each ship category due 464 

to data limitation. It would be better if we could get more accurate data. For future 465 

research, first, we can use machine learning to predict the parameter values for each 466 

ship category and use them as model input. Second, we can reformulate a more 467 

comprehensive model. For example, we can incorporate the emission reduction 468 

efficiency of different green technologies in the objective function. We take the sum of 469 

total subsidy and emission amount as a new objective function in the upper level. Also, 470 

for the lower-level problem, we can add ship operation cost in the model. For instance, 471 

different green technologies may have differences in fuel consumption, and we add the 472 

sum of bunkering cost in the objective function. Correspondingly, we need to add 473 

constraints regarding fuel consumption. Modifying the objective functions and 474 
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constraints can make the model more comprehensive. 475 

  476 
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