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Abstract8

Environmental concerns are currently a major issue in the maritime transportation industry.

A practical approach to implementing green maritime transportation is to adopt liquefied

natural gas (LNG) as marine fuel. Government subsidies would efficiently stimulate the

adoption of LNG in maritime transportation as marine fuel. However, the question of how

to determine the appropriate amount of subsidies has not yet been investigated in depth. In

this paper, a trilevel programming model is proposed to address the subsidy optimization

problem. Decisions at the government, port, and ship levels are integrated into the model,

which aims to maximize the social benefit government’s net profit. Based on the behavior

rules of ship operators, a tailored method is proposed to convert the bilevel (port level and

ship level) problem into an equivalent single-level problem. Embedded in an enumeration

algorithm, the method significantly reduces the difficulty of solving the problem. A series

of numerical experiments with realistic parameters were conducted to show the significance

of this study and validate the proposed model and algorithm.

Keywords: maritime transportation; liquefied natural gas (LNG); governmental subsidy;9

trilevel programming.10
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1. Introduction11

The shipping industry plays an important role in international trade, as it is responsible12

for transporting approximately 90% of the global cargo volume (International Maritime13

Organization, 2019). According to the Fourth International Maritime Organization (IMO)14

Greenhouse Gas Study (Faber et al., 2020), the shipping industry is responsible for 15%15

of the nitrogen oxides (NOX), 13% of the sulfur dioxide (SO2), and 2.7% of the carbon16

dioxide (CO2) emitted through human activities. The numbers are even higher in coastal17

areas (Viana et al., 2014). In the Review of Maritime Transport 2019 (UNCTAD, 2019)18

commissioned by the United Nations, environmental concerns were recognized as a major19

issue in the maritime industry for 2019–2024. To reduce the air pollution caused by shipping20

emissions, stringent regulations on the quality of bunker fuels have recently come into effect.21

Quality restrictions on bunker fuels used by vessels in inland river areas are more stringent22

because such vessels go deep into countries’ interiors. For example, according to the Law of23

the People’s Republic of China on the Prevention and Control of Atmospheric Pollution (The24

National People’s Congress of the People’s Republic of China, 2018), ships that sail along25

China’s inland rivers must use regular diesel oil available on the market, which contains no26

more than 0.005% sulfur; such oil is highly expensive. There are a number of other methods27

that can reduce shipping emissions, such as sulfur scrubbers that clean ship emissions before28

release, internal engine modifications that control the production of NOX in the combustion29
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process, and alternative energy sources such as biofuels, wind and solar power, LNG and30

hydrogen fuels as bunker fuel. Among these methods, using LNG as a marine fuel is one of31

the most promising options.32

LNG has been recognized as one of the cleanest fossil energies for ship on Earth. The33

products of the full combustion of pure LNG are CO2 and water (H2O). Compared with ships34

powered by traditional bunker fuel oil, LNG-fueled ships generate much lower emissions.35

Studies have found that LNG reduces SOX and PM by nearly 100%, NOX by up to 85–90%,36

and CO2 by 15–20% (Wang and Notteboom, 2014; New South Wales Environment Protection37

Authority of Australia, 2015). Therefore, using LNG as bunker fuel can significantly reduce38

ship emissions and alleviate air pollution problems.39

In addition, LNG can lower the operating costs of ships, which encourages ship operators40

to retrofit their ships. First, LNG is priced more competitively than marine diesel oil41

(MDO) and marine gas oil (MGO), which are usually adopted by ships to satisfy regulations42

concerning the sulfur content of marine fuels (International Maritime Organization, 2020,43

2016). Apart from the bunkering cost, the adoption of LNG as marine fuel can also reduce44

a ship’s maintenance cost, because LNG-fueled engines and related equipment require less45

maintenance and have a longer service life than traditional ship engines (Oxford Institute for46

Energy Studies, 2018). Given these benefits, several attempts have been made to develop and47

use LNG-fueled ships. For example, the CMA CGM Group, a world leader in transport and48

logistics that is committed to energy transition, planned to have 22 LNG fueled container49

ships in its fleet by 2022 (CMA CGM Group, 2020). However, much remains to be done50

in terms of developing LNG-fueled ships, and multiple factors still hinder the adoption51
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of LNG as bunker fuel, including the high cost of LNG engines, the extra space required52

for LNG fuel tank, potential gas leakages and the absence of a complete LNG bunkering53

infrastructure (Wang and Notteboom, 2014; Acciaro, 2014). Due to the limited capacity of54

LNG fuel tanks, a complete bunkering system is necessary for LNG fueled ships.55

Currently, the construction of LNG bunkering stations is hindered by the “chicken and56

egg” problem faced by all alternative fuels (Lim and Kuby, 2010; Ko et al., 2017). Today,57

at an early stage in the introduction of LNG as bunker fuel, many ship operators refuse58

to retrofit their ships with LNG engines without adequate bunkering stations. At the59

same time, insufficient LNG refueling demand leaves bunkering stations idle, wasting the60

investment in building them.61

Considering the emission reductions brought by the adoption of LNG-fueled ships,62

governments become the main force to solve the problem. Subsidies are one of the63

main approaches to encouraging the extensive use of LNG-fueled ships besides stringent64

regulations. Europe, one of the first areas starting to promote LNG-fueled ships, opts for65

governmental financial support as a main approach to encouraging the adoption LNG as66

marine fuel. In the Rhine-Main-Danube area, a significant portion of the initial investment67

on the onshore LNG infrastructure will be borne by the European Commission (European68

Commission, 2012). For example, the European Commission will provide 20% of the LNG69

bunkering vessel building cost, approximately 11,000,000 EUR (13,400,000 USD), for the70

Port of Algeciras (Bajic, 2020). According to the Measures for the Administration of71

Subsidies for the Standardization of Inland River Ship Types (Ministry of Finance of the72

People’s Republic of China and Ministry of Transport of the People’s Republic of China,73
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2014), newly built LNG-fueled ships whose dead weight tonnage is no less than 400 tons74

will be subsidized. Subsidies of 630, 000–1, 400, 000 CNY (approximately 97, 335–216, 30075

USD) will be granted to ships. As for the LNG bunkering station, the construction projects76

included in the Layout Scheme of LNG Filling Wharf for Yangtze River Beijing-Hangzhou77

Grand Canal and Xijiang Shipping Lane (Ministry of Transport of the People’s Republic78

of China, 2017a) have a higher priority in port planning and land use examination and79

approval (National Development and Reform Commission and Ministry of Transport of the80

People’s Republic of China, 2019). Based on the related policies of the governments of81

different countries and areas, it is clear that government subsidies are extensively adopted.82

Therefore, in this paper, we focus on government subsidies for LNG as marine fuel, and aim83

to identify the optimal subsidy plan.84

In practice, there are two types of LNG-fueled vessels. The first is powered purely by85

LNG; it is also an LNG carrier and can use natural gas produced during transportation for86

power (Schinas and Butler, 2020). The other is equipped with dual-fuel engines that can87

switch between traditional bunker fuel oil and LNG during a trip (Fokkema et al., 2017).88

We consider only dual-fuel ships in this paper because ships powered purely by LNG are89

self-sufficient.90

1.1. Literature Review91

Alternative marine fuels are promising methods of alleviating maritime emissions (Deng92

et al., 2021; Ytreberg et al., 2021; Deng et al., 2021). The literature on the application of93

LNG as marine fuel can be divided into a stream addressing technical problems (Lim and94
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Choi, 2020; Aneziris et al., 2020; Milioulis et al., 2021) and a stream addressing management95

problems (Lim and Kuby, 2010; Ko et al., 2017). Studies of technical problems mainly focus96

on safety issues (Zheng et al., 2017; Park et al., 2018; Aneziris et al., 2020) and efficiency97

issues (Guan et al., 2017; Altosole et al., 2018; Lim and Choi, 2020). The literature on98

management problems can be further subdivided into studies from the ship perspective and99

from the bunkering station perspective. From the ship perspective, whether and when to100

invest in ship retrofitting are common topics (Schinas and Butler, 2020). Yoo (2017) focuses101

on specific ship types and assesses the economic applicability of LNG as a marine fuel for102

CO2 carriers. Xu and Yang (2020) study the economic feasibility of LNG-fueled container103

ships on the Northern Sea Route under the assumption that an LNG refueling station will104

be constructed in Sabetta Russia, and evaluate the CO2 reduction compared with deploying105

ships powered by conventional fuels on this route. Kana and Harrison (2017) adopt Monte106

Carlo simulations to extend the ship-centric Markov decision process (Kana et al., 2015) and107

capture the impact of uncertainties in the economic parameters, ECA regulations, and LNG108

supply chain on the decision whether to retrofit a container ship as an LNG-fueled vessel.109

From the bunkering station perspective, studies focus on the bunkering network design110

and the layout of bunkering stations. Network design studies mainly aim to determine the111

optimal number and positions of bunkering stations in an area (Ursavas et al., 2020). As for112

the layout of bunkering stations, bunkering method selection (Tam, 2020) and safety zone113

settling (Park et al., 2018) are frequently discussed. For a detailed review of this literature,114

please refer to Peng et al. (2021).115

The two perspectives focus on either the demand side of LNG (LNG-fueled ships) or116
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the supply side (LNG bunkering stations). However, in practice, the adoption of LNG as117

marine fuel is still in its infancy, and the two sides are interdependent due to the “chicken118

and egg” problem (Lim and Kuby, 2010; Ko et al., 2017). Therefore, this problem should be119

investigated from a systematic perspective. Such a perspective is adopted in several papers120

that investigate the problem of locating stations for alternative fuel vehicles; please refer to121

Ko et al. (2017) for a detailed review of this literature. Nevertheless, papers that study this122

problem focus on road transport, which is different from the problem discussed in this paper123

for several reasons. First, in road transportation the selection of potential bunkering station124

positions are more flexible. Second, the vehicles that refuel at bunkering stations are more125

unpredictable since a large proportion do not travel according to a predetermined schedule.126

Third, in the problem of locating stations for alternative fuel vehicles, the decision maker127

try to cover as many paths as possible with estimated alternative fuel demands, rather than128

taking the interaction between supply side and demand side decisions into consideration.129

Fourth, in studies that focus on road transport government subsidies are not considered.130

In maritime transportation, government subsidies are considered a practical method131

of promoting the use of green technologies, such as shore power (Wu and Wang, 2020).132

Wu and Wang (2020) consider the interaction between the decisions of port authorities in133

constructing a shore power system and ship operators in installing onboard shore power134

facilities. They integrate government subsidies into the problem as a method of encouraging135

the application of shore power. However, there are several differences between the work136

of Wu and Wang (2020) and this paper. First, although both Wu and Wang (2020) and their137

paper consider the government expenditure and the environmental benefits, the objective138
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functions are different. Wu and Wang (2020) aim to maximize the total environmental139

benefit with a constraint on the total subsidy amount. In this paper, we do not preset a140

budget for subsidies, but consider the subsidy amount in the objective function and aim to141

maximize the net benefit for the government, namely the environmental benefit minus the142

subsidy expenditure. As a result, the extreme cases with unreasonably high subsidies will143

not be accepted in this paper. Also, it would be easy to modify the mathematical model144

to take the subsidy budget as a constraint. Besides, compared with Wu and Wang (2020)145

considering the budget set subjectively by the government, this paper is able to suggest146

the proper amount of subsidies that can achieve a significant emission reduction and avoid147

the waste of financial budget (Aldy et al., 2021). Second, subsidy policies are different. In148

Wu and Wang (2020), the government plays a dominant role and selects particular ports149

and ship routes and covers all of their construction or retrofitting costs. In this paper, the150

government is less dominant and provides one subsidy rate for all ports and another for151

all ships, and port authorities and ship operators independently decide whether to conduct152

the construction or retrofitting. Third, the ports in Wu and Wang (2020) make decisions153

independently, while in this paper we assume all ports are operated by the same port group.154

In Wu and Wang (2020), for each port, shore power facilities at the other ports encourage155

ships to be retrofitted and do not impact the shore power demand at this port. Therefore,156

the influence of shore power facilities at the other ports is positive and easy to handle.157

In this paper, however, the LNG bunkering stations at the other ports have influences in158

opposite directions. On one side they will encourage ships to be retrofitted and bring more159

LNG bunkering demand. But, on the other side, they may lower the LNG bunkering volume160
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of existing dual-fueled ships at the port by providing a more complete bunkering system.161

Thus, the interrelationships between different ports are more complicated and extremely162

hard to be integrated into the model. Therefore, it is assumed that all ports are operated163

by the same port group in this paper. Meanwhile, this assumption is proposed on the164

basis of certain facts. Considering the highly overlapped visiting ships, the ports along165

the same inland river tend to cooperate in various operational decisions. For example, the166

Layout Scheme of LNG Filling Wharf for Yangtze River Beijing-Hangzhou Grand Canal167

and Xijiang Shipping Lane (Ministry of Transport of the People’s Republic of China, 2017a)168

displays the LNG infrastructure construction plan along three inland rivers in 2017–2025.169

Given that, in China, ports in the same province tend to be integrated and become a port170

group company, for example the Jiangsu Port Group Company and the Hubei Port Group171

Company. Therefore, it is assumed that all ports are operated by the same port group in172

this paper. These characteristics lead to essential differences between the model proposed in173

this paper and the model used in Wu and Wang (2020), and the solution method proposed174

by Wu and Wang (2020) is not applicable to the problem in this paper. In conclusion,175

although the backgrounds and problem structure of the two papers are similar, this paper176

is substantially different from Wu and Wang (2020).177

The scientific contribution of this paper is threefold. First, this is the first paper to178

investigate the subsidy policy optimization problem for LNG as marine fuel. As far as we179

can determine, papers on the topic to date are limited to qualitative analysis or policy180

evaluation (Wan et al., 2019). Second, we propose a new trilevel model to describe the181

problem. This model can also be adapted to other alternative marine fuels, such as biofuels.182
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Third, based on port authorities’ and ship operators’ behavior, the bilevel problem involving183

the port-level and ship-level decisions is converted into an equivalent single-level problem,184

which significantly reduces the difficulty of solving the problem.185

The remainder of the paper is organized as follows: Section 2 gives the problem186

description and presents the model. Section 3 shows how the model is converted and then187

solved. Our numerical experiments and their results are presented in Section 4. Last,188

Section 5 presents our conclusions.189

2. Model Formulation190

A trilevel model that consists of the government, port, and ship levels is proposed in191

this section. The interrelationships among decisions considered at different levels are clearly192

described through the trilevel structure.193

2.1. Problem description194

In this paper, we consider a river under a government’s regulatory regime. A set of195

physical ports, denoted by P , all of which are managed by a port group, are located along the196

river. Within the set P = {1, 2, ..., |P|}, 1 represents the physical port farthest downstream197

and |P| represents the physical port farthest upstream.198

There is a set V of vessels that sail on this river and fulfill transportation demands199

between the ports in P . Each ship has its own route, and ships stick to their routes during200

the time span under consideration. We denote the physical port farthest downstream (the201

physical port farthest upstream) on the route of ship j ∈ V as MDj (MUj). As shown202
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in Figure 1, a route is a closed loop: ship j on its route starts from MDj, visits ports203

upstream until MUj, then reverses direction and finally goes back to MDj. After returning204

to MDj, the ship repeats the route. Because the route along the river is nearly linear, to205

complete a route, ship j will either visit or pass each physical port between MDj and MUj206

in the order MDj,MDj +1, ...,MUj−1,MUj,MUj−1, ...,MDj +1. In practice, the closed207

route finishes when the ship arrive at MDj in the backward sailing voyage. However, the208

final visit is also the beginning of the next round trip, and therefore this visit is omitted209

in the model formulation to avoid the duplication. We denote these ports as a new set210

P ′j and k ∈ P ′j represents the kth port along the route, k = 1, ..., 2 (MUj −MDj). We211

further define a binary parameter Tjk that equals 1 if the kth port along the route of ship212

j is visited by the ship and 0 otherwise, and we set a binary parameter Bjki that equals213

1 if the kth port (no matter whether it is visited or passed) corresponds to physical port214

i ∈ P , and 0 otherwise. In the example given in Figure 1, the line represents a river215

along which five physical ports are located; the right-hand side is the downstream end and216

the left-hand side is the upstream end. The arcs represent the sailing directions of ship j217

between physical ports; for example, the arc from physical port 2 to physical port 4 means218

that ship j visits physical port 2 and then sails upstream to visit physical port 4. Physical219

port 1 is the most downstream port that ship j visits (MDj = 1) and physical port 4 is220

the most upstream port that ship j visits (MUj = 4). Then, the set of ports along the221

route of ship j consists of six elements; that is, P ′j = {1, 2, 3, 4, 5, 6} because the second222

visit to physical port 1 is omitted. Because ship j does not visit physical port 3 when it223

sails upstream, we have Tj1 = 1, Tj2 = 1, Tj3 = 0, Tj4 = 1, Tj5 = 1, and Tj6 = 1. As the224
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corresponding physical ports of the first, second, third, fourth, fifth, and sixth ports on the225

route are port 1, port 2, port 3, port 4, port 3, and port 2, respectively, we further have226

Bj11 = Bj22 = Bj33 = Bj44 = Bj53 = Bj62 = 1.227

Figure 1: An example of the route of ship j

Ship j ∈ V sails at the speed of Hj knots (nautical miles per hour). The distance of228

the voyage from the kth port along the route to the next is denoted by Ljk, k ∈ P ′j. For229

k = 1, 2, ...,
∣∣P ′j∣∣ − 1, Ljk is the sailing distance from the kth port to the (k + 1)th, while230

Lj|P ′
j| represents the sailing distance from the

∣∣P ′j∣∣th port to the first (i.e., from physical port231

MDj +1 to physical port MDj). Therefore, the total sailing time for the ship to complete a232

whole route is
∑

k∈P ′
j
Ljk/Hj. Other than the sailing time, ship j has to berth for mjk hours233

at the kth port for cargo handling (if the kth port is not visited, then mjk = 0). As for the234

LNG bunkering operation, it is assumed that the ship gets refueled after the cargo handling235

and before the departure. Considering that the LNG bunkering speed of a dual-fueled ship236

can be up to 330 cubic meters per hour (International Maritime Organization, 2016) and the237

relatively small capacity of LNG tanks (no larger than 20 cubic meters in this paper), the238

LNG bunkering time would be no longer than the cargo handling time. Thus, in this paper,239

it is assumed that the LNG bunkering operation would be finished while handling cargoes.240

For ports that are not visited by the ship, the time used to refuel the vessel is considered241
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in the model as the extra cost fj. Then, with a total of S hours of operation time per year,242

the ship finishes Oj := S
/[(∑

k∈P ′
j
Ljk

/
Hj

)
+
∑

k∈P ′
j
Tjkmjk

]
trips in a year.243

We assume that currently all ships in V use MDO as the bunker fuel. The price of MDO244

is UMDO USD/ton, and the combustion of one ton of MDO has a negative environmental245

impact of EMDO USD. Ship j consumes Rj
MDO tons of MDO while sailing one nautical mile246

and consumes R′jMDO tons of MDO during berthing for one hour. Apart from the bunker247

cost, ship j has to pay C̄j
MDO USD per year for the maintenance of the diesel engine. We248

denote by Gj the annual revenue of ship j from transporting cargo. Then, the annual profit249

for ship j is Gj−
[
C̄j

MDO +OjUMDO

(
Rj

MDO

∑
k∈P ′

j
Ljk +R′jMDO

∑
k∈P ′

j
Tjkmjk

)]
USD, which250

is assumed to be positive, as otherwise the ship would be likely to exit the market.251

Ship j may be retrofitted into dual-fueled, which incurs a fixed retrofitting cost denoted252

by ĈVj (without government subsidy). The annual maintenance cost of the dual-fuel engine253

is denoted by C̄j
Dual. Ship j, after retrofitting, can switch between MDO and LNG for power.254

It will require Rj
LNG tons of LNG to sail one nautical mile and R′jLNG tons of LNG to berth for255

one hour. We assume that the consumption rates of LNG and MDO are proportional; that256

is, R′jMDO

/
R′jLNG = Rj

MDO

/
Rj

LNG = R, j ∈ V . Therefore, for a ship, consuming 1 ton of LNG257

means reducing the consumption of MDO by R tons. For instance, according to International258

Maritime Organization (2016), the net calorific value of MDO is 11.6 MWh/ton and the net259

calorific value of LNG is 13.7 MWh/ton, and hence R = 13.7/11.6 ≈ 1.18. Note that ships260

are not retrofitted yet because of the high retrofitting cost, a lack of LNG bunkering stations261

at ports, or an insignificant price difference between MDO and LNG.262

The negative environmental impact of LNG is much lower than that of MDO. Denote263
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by ELNG the negative environmental impact of one ton of LNG. Since consuming one ton264

of LNG means reducing the consumption of MDO by R tons, the environmental benefits of265

consuming one ton of LNG can be calculated as ∆E := R ·EMDO−ELNG USD/ton, in which266

EMDO and ELNG are the environmental costs when one ton of MDO and LNG are consumed,267

respectively. The Fourth Greenhouse Gas Study conducted by the IMO (Faber et al., 2020)268

estimated that a traditional ship totally powered by MDO will emit 0.0001 ton of SOX, 0.167269

ton of NOX, 3.206 tons of CO2, and 0.00203 ton of PM2.5 while consuming one ton of MDO,270

and a dual-fueled ship will emit 3.17 × 10−5 ton of SOX, 0.0466 ton of NOX, 2.75 tons of271

CO2, and 1.26× 10−4 ton of PM2.5 while consuming one ton of LNG. These four pollutants272

make up more than 99% of ship emissions, and have a significant impact on social welfare.273

As summarized in Nunes et al. (2019) and Song (2014), the social costs associated with the274

emissions of SOX, NOX, CO2, and PM2.5 are 11,123 USD/ton, 6,282 USD/ton, 33 USD/ton,275

and 61,179 USD/ton, respectively. As a result, we obtained the values EMDO = 1, 280.31276

USD/ton, ELNG = 391.43 USD/ton, and ∆E = R · EMDO − ELNG = 1, 119.33 USD/ton.277

Because using LNG as bunker fuel is a promising method of reducing the environmental278

impact of ship emissions along the river, the government tries to promote the adoption of279

LNG as bunker fuel by providing subsidies for ports that construct LNG bunkering stations280

and ships retrofitted as dual-fuel ships. The government’s subsidies affect the decisions of281

the port group on the ports at which to construct LNG bunkering stations, and both the282

government subsidies and the port group’s decisions affect the ship operators’ decisions on283

whether to retrofit their ships as dual-fuel. We model the problem at three levels, namely284

the government level, the port level, and the ship level, as shown in Figure 2 and elaborated285
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in the next three subsections.286

Figure 2: Demonstration of the problem structure

2.1.1. Government level287

The government makes decisions at the first level, aiming to maximize its annual total288

benefits, which equal the annual environmental benefits of emission reduction minus annual289

average subsidy expenses. Specifically, the government needs to determine the proportion290

of the bunkering station building cost to subsidize, denoted by αP , and the proportion291

of the ship retrofitting cost to subsidize, denoted by αV . To insure convenient policy292

implementation, we assume that the government chooses the values of αP and αV from a set293

of alternatives 0%, 5%, ..., 95%, and 100%. The purpose of the government subsidies is to294

stimulate the port group to build LNG bunkering stations and to encourage the retrofitting295

of ships as dual-fuel, so that a significant amount of LNG will be consumed to replace MDO,296

thus providing environmental benefits.297

15



2.1.2. Port level298

At the port level, given the subsidy proportion αP , the port group decides whether or not299

to construct an LNG bunkering station at each physical port i ∈ P , denoted by the binary300

decision variable xi, with the aim of maximizing its average annual profits. The construction301

of an LNG bunkering station at physical port i ∈ P costs ĈPi (without government subsidy),302

which is a one-off cost. We convert ĈPi into an annualized cost CPi , which applies after303

depreciation and interest are considered. In this paper, following the study conducted by304

the International Maritime Organization (2016), we use the equivalent annual cost as CPi ,305

with 20 years of depreciation time and 8% of interest rate. With the government subsidy,306

the port group needs to pay an annual cost of (1− αP)CPi . The port group purchases307

LNG from a supplier at a fixed price of ŨLNG. The selling price to ships, namely, the LNG308

bunkering price, denoted by ÛLNG, is predetermined by the government to ensure that LNG309

is a more economical option for bunker fuel than MDO. Therefore, the port group could310

gain ÛLNG− ŨLNG by selling one ton of LNG. The total amount of LNG that the port group311

can sell depends on the ship operators’ decisions, which are affected by the government’s312

subsidy proportion αV and the availability of LNG bunkering stations at the ports in P .313

2.1.3. Ship level314

Given the government’s subsidy proportion αV at the first level and the locations of315

LNG bunkering stations determined at the second level, the operator of each ship j ∈ V316

decides whether to retrofit the ship or not and the refueling volume at each port if the ship is317

retrofitted (the ship may not refuel at ports that are passed by rather than visited, because318
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the refueling would incur extra cost), to maximize its annual profit. The ship operators’319

refueling volume decisions affect the government’s environmental benefits at the first level320

and the port group’s revenue at the second level.321

We denote by yj a binary decision variable equal to 1 if and only if ship j is retrofitted. We322

convert the one-off retrofitting cost ĈVj into an annualized cost CVj . We also use equivalent323

annual cost here with 8% of interest rate here. As for the depreciation time, we consider324

that retrofitting work will not influence the ship’s remaining service life which is taken as325

the depreciation time of ship retrofitting in this paper. According to the Regulations on326

the Administration of Old Transport Ships (Ministry of Transport of the People’s Republic327

of China, 2017b), container ships sailing in inland river areas have to go through a special328

periodic inspection after the age of 29, and be compulsorily scrapped after the age of 35.329

Thus, we assume a remaining service life of 20 years for ships in this paper. Then, benefiting330

from the government subsidy, the ship operator needs to pay an annual cost of (1− αV)CVj331

for the retrofitting. If the ship is retrofitted, it will be equipped with an LNG tank with a332

capacity of qj tons, and the original diesel engine will be replaced by a dual-fuel engine that333

has an annual maintenance cost of C̄j
Dual USD. Because consuming one ton of LNG means334

reducing the consumption of MDO by R tons, the consumption of one ton of LNG implies335

a fuel cost reduction of ∆U := R · UMDO − ÛLNG USD for the ship operator.336

As the LNG bunkering price is the same at all available ports, if ship j visits a port with337

an LNG bunkering station, it will fill up its LNG tank. If the ship passes a port rather than338

visiting it, the ship may stop at the port for LNG refueling, at an extra cost of fj USD. We339

define a binary decision variable θjk that equals 1 if and only if ship j refuels with LNG at340
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port k ∈ P ′j. We then have θjk = 1 if Tjk = 1; a cost fj will be incurred if θjk = 1 and341

Tjk = 0.342

For simplicity, it is assumed that a ship refuels just before leaving a port; that is, LNG343

purchased at the kth port cannot be used to generate power for the ship when it is berthing at344

the port. To formulate the amount of LNG consumed by ship j, we define decision variables345

πFinishjk and πLeavejk as follows. (i) If ship j visits the kth port for cargo handling (i.e., Tjk = 1),346

then πFinishjk is the volume of LNG remaining in the LNG tank of ship j when it has just347

finished cargo handling (before refueling, if any) and πLeavejk is the volume of LNG remaining348

in the LNG tank of ship j when it leaves the kth port (after refueling, if any). (ii) If ship j349

stops at the kth port just for refueling (i.e., Tjk = 0 and θjk = 1), then πFinishjk represents the350

volume of LNG remaining in the LNG tank of ship j before refueling and πLeavejk represents351

the volume after refueling, and we have πFinishjk < πLeavejk . In both cases, πFinishjk ≤ πLeavejk .352

Specifically, if ship j does not refuel at the kth port along its route (θjk = 0), πFinishjk = πLeavejk .353

If ship j refuels at the kth port (θjk = 1), we have πFinishjk < πLeavejk = qj, because every time354

the ship refuels the LNG tank will be filled up.355

The annual LNG refueling volume of ship j at physical port i, denoted by decision356

variable ωji, can now be calculated: ωji = Oj

∑
k∈P ′

j
Bjki

(
πLeavejk − πFinishjk

)
, for all j ∈ V ,357

i ∈ P . The values of ωji affect the government’s decisions and the port group’s decisions:358

the annual environmental benefit for the government is ∆E

∑
j∈V
∑

i∈P ωji, and the annual359

gain for the port group from selling LNG is
(
ÛLNG − ŨLNG

)∑
j∈V
∑

i∈P ωji.360
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2.2. Mathematical model361

Before presenting the mathematical model, we list the notations used in this paper.362

Sets and parameters363

P the set of physical ports along the river, P = {1, 2, ..., |P|}, indexed by i;364

V the set of ships sailing along the river, V = {1, 2, ..., |V|}, indexed by j;365

CPi the annualized construction cost (USD) of LNG bunkering station at

physical port i,∀i ∈ P ;

366

CVj the annualized retrofitting cost (USD) of ship j,∀j ∈ V ;367

Gj the annual revenue (USD/year) for ship j, ∀j ∈ V ;368

∆E the increment in environmental benefits (USD/ton) when one ton of LNG

is consumed to replace MDO;

369

Rj
LNG the LNG consumption rate (ton/nm) of ship j while sailing, if it is

retrofitted, ∀j ∈ V ;

370

UMDO the MDO bunkering price (USD/ton) paid by ship operators;371

ÛLNG the LNG bunkering price (USD/ton) paid by ship operators;372

ŨLNG the LNG purchasing price (USD/ton) paid by the port group;373

∆U the fuel cost reduction (USD/ton) brought by using one ton of LNG;374

P ′j the set of ports along the route of ship j, P ′j = {1, 2, ..., 2 (MUj −MDj)},

indexed by k;

375

Tjk binary parameter, equal to 1 if the kth port along the route is visited by

ship j, 0 otherwise, ∀j ∈ V ,∀k ∈ P ′j;
376
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Ljk the sailing distance (nm, nautical mile) from the kth port along the route

of ship j to the (k + 1)th port along the route, k = 1, 2, ...,
∣∣P ′j∣∣−1,∀j ∈ V ;

377

Lj|P ′
j| the sailing distance (nm) from the

∣∣P ′j∣∣th port along the route of ship j

to the 1st port along the route, ∀j ∈ V ;

378

mjk the berthing time (hour) of ship j at the kth port along the route, ∀j ∈

V ,∀k ∈ P ′j;
379

R′jLNG the LNG consumption rate (ton/hour) of ship j while berthing, ∀j ∈ V ;380

C̄j
MDO the annual maintenance cost (USD/year) of the diesel engine of ship j if

it is not retrofitted;

381

C̄j
Dual the annual maintenance cost (USD/year) of the dual-fuel engine of ship

j if it is retrofitted;

382

Oj the number of trips that ship j finishes in a year, ∀j ∈ V ;383

fj the extra cost (USD) of ship j refueling at a port that is located along

the route but not visited by the ship, ∀j ∈ V ;

384

qj the LNG tank capacity (ton) of ship j if it is retrofitted, ∀j ∈ V ;385

Bjki binary parameter, equal to 1 if the kth port along the route of ship j is

physical port i, 0 otherwise, ∀j ∈ V ,∀k ∈ P ′j, ∀i ∈ P ;

386

Mi a large constant, ∀i ∈ P .387

Decision variables388

xi binary variable, equal to 1 when an LNG bunkering station is constructed

at physical port i, 0 otherwise, ∀i ∈ P ;

389
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yj binary variable, equal to 1 when ship j is retrofitted into a dual-fuel ship,

0 otherwise, j ∈ V ;

390

ωji the LNG refueling volume (ton) of ship j at physical port i each year if

it is retrofitted, ∀j ∈ V , ∀i ∈ P ;

391

θjk binary variable, equal to 1 when ship j refuels LNG at the kth port along

its route if it is retrofitted, 0 otherwise, ∀k ∈ P ′j,∀j ∈ V ;

392

πFinishjk the LNG remaining volume (ton) of the ship j when it finished cargo

handling at the kth port along the route and before refueling, ∀j ∈

V ,∀k ∈ P ′j;

393

πLeavejk the LNG remaining volume (ton) of the ship j when it leaves the kth port

along the route after refueling, ∀j ∈ V , ∀k ∈ P ′j.
394

Vectors395

~x the vector of xi, ~x =
(
x1, ..., x|P|

)
;396

~y the vector of yj, ~y =
(
y1, ..., y|V|

)
;397

~ωj the vector of ωji, ~ωj =
(
ωj1, ..., ωj|P|

)
, ∀j ∈ V ;398

~ω the vector of ~ωj, ~ω =
(
~ω1, ..., ~ω|V|

)
;399

~πLeavej the vector of πLeavejk , ~πLeavej =

(
πLeavej1 , ..., πLeave

j|P ′
j|

)
, ∀j ∈ V ;400

~πFinishj the vector of πFinishjk , ~πFinishj =

(
πFinishj1 , ..., πFinish

j|P ′
j|

)
, ∀j ∈ V ;401

~θj the vector of θjk, ~θj =
(
θj1, ..., θj|P ′

j|
)

, ∀j ∈ V .402

Then the problem faced by the government can be described as the following trilevel403
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optimization model [MG]:404

[MG] maximize ∆E

∑
j∈V

∑
i∈P

ωji − αP
∑
i∈P

CPi xi − αV
∑
j∈V

CVj yj (1)

subject to

αP = 0%, 5%, ..., 100% (2)

αV = 0%, 5%, ..., 100% (3)

and405

(~x, ~ω, ~y) ∈ ΨP (αP , αV) (4)

where ΨP (αP , αV) is determined by the following model:406

[MP ] ΨP (αP , αV) = arg max
~x,~ω,~y

∑
i∈P

[
−(1− αP)CPi xi +

∑
j∈V

(
ÛLNG − ŨLNG

)
ωjiyj

]
(5)

subject to

xi = 0, 1,∀i ∈ P (6)
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and407

(yj, ~ωj) ∈ ΦVj (αV , ~x) ,∀j ∈ V (7)

where ΦVj (αV , ~x) is the projection of Φ̂Vj (αV , ~x) on yj and ~ωj (in other words,408

(yj, ~ωj) ∈ ΦVj (αV , ~x) if and only if there exists
(
~θj, ~π

Leave
j , ~πFinishj

)
such that409 (

yj, ~ωj, ~θj, ~π
Leave
j , ~πFinishj

)
∈ Φ̂Vj (αV , ~x)), where Φ̂Vj (αV , ~x) is determined by the following410

model:411

[MVj] Φ̂Vj (αV , ~x) = arg max
yj ,~ωj ,~θj ,~πLeave

j ,~πFinish
j

Gj −

yj
CVj (1− αV) +Oj

∑
k∈P ′

j

fj (1− Tjk) θjk + C̄j
Dual

−Oj∆U

∑
i∈P

ωji

]
+ (1− yj) C̄j

MDO

}

(8)

subject to

πLeavejk = πFinishjk + θjk
(
qj − πFinishjk

)
,∀k ∈ P ′j (9)

πFinishjk = max
{

0, πLeavej,k−1 − Lj,k−1R
j
LNG −mjkR

′j
LNG

}
, k = 2, 3, ...,

∣∣P ′j∣∣ (10)

πFinishj1 = max
{

0, πLeave
j|P ′

j| − Lj|P ′
j|R

j
LNG −mj1R

′j
LNG

}
(11)

ωji = Oj

∑
k∈P ′

j

Bjki

(
πLeavejk − πFinishjk

)
,∀i ∈ P (12)

θjk ≤
∑
i∈P

Bjkixi,∀k ∈ P ′j (13)
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∑
i∈P

BjkiTjkxi ≤ θjk, ∀k ∈ P ′j (14)

0 ≤ πFinishjk ≤ max
{

0, qj − Lj,k−1R
j
LNG −mjkR

′j
LNG

}
, k = 2, ...,

∣∣P ′j∣∣ (15)

0 ≤ πFinishj1 ≤ max
{

0, qj − Lj,|P ′
j|R

j
LNG −mj1R

′j
LNG

}
(16)

θjk = 0, 1,∀k ∈ P ′j (17)

yj = 0, 1 (18)

0 ≤ πLeavejk ≤ qj,∀k ∈ P ′j. (19)

The objective function (1) at the government level aims to maximize the annual412

environmental benefits of a reduction in ship emissions minus annual average subsidy413

expenses. Constraints (2) and (3) specify the domains of the subsidy proportions. In model414

[MG], some of the parameters, namely ωji, xi, and yj, are not constants; the values of415

these parameters depend on the decisions of the port group and ship operators, which are416

described in the port-level and ship-level models. We use the set ΨP (αP , αV ) to denote417

them.418

At the port level, because all physical ports are under the management of the port419

group, here we present the model [MP ] to describe the problem faced by the port group.420

In this paper we assume that the LNG bunkering stations are large enough, namely the421

bunkering station capacity is not considered as a constraint. The objective function (5) aims422

to maximize the annual total profits of the port group, equal to the annual profit of selling423

LNG, minus the annual average LNG bunkering station construction cost. Constraints (6)424

24



define the domain of decision variable xi. In model [MP ], parameters yj and ωji are not425

constants, and their values depend on ship operators’ choices, which are described in ship-426

level models. We use the set ΨV
j (αV , ~x) to denote them.427

Because different ships at the ship level make their decisions independently, we build428

[MVj] for ship j. In this paper, the ship operator aims to maximize its annual profit.429

Given the annual revenue Gj, it is equivalent to obtaining the minimal operating costs and430

therefore the decision is only influenced by costs related to retrofitting work. In other words,431

costs not related to the ship retrofitting, for example the cargo handling cost, are fixed in432

the problem and therefore their value will not influence the ship operator’s decision. For433

simplicity, these fixed costs are ignored in the model. In objective function (8), the first part434

is the annual revenue Gj. Next, the objective functions for when ship j is retrofitted or not435

are listed separately. If ship j is retrofitted, the objective function equals the annual average436

retrofitting cost, plus the extra cost of refueling at ports that the ship does not visit, plus437

the annual maintenance cost of the dual-fuel engine minus the annual bunkering cost saving.438

If ship j is not retrofitted, the objective function equals the annual maintenance cost of the439

diesel engine. Constraints (9) give the relationship between the remaining LNG volume440

when the ship finishes cargo handling and other operations at the kth port along the route441

and the remaining volume when it leaves the port. Constraints (10) and (11) state that the442

retrofitted ship will consume LNG while sailing from one port to the next and berthing there,443

and that MDO will be used if LNG is in short supply. These constraints depict an important444

feature of dual-fueled ships, which is switching between LNG and traditional marine fuel445

for power. With this feature, the model becomes more realistic and lets the ship operators446
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maximize the benefits of retrofitting their ships. Constraints (12) calculate the annual LNG447

bunkering volume of ship j at physical port i if the ship is retrofitted. Constraints (13)448

state that ship j can refuel with LNG at the kth port along the route only if the port group449

decides to construct an LNG bunkering station at the port. Constraints (14) indicate that450

ship j will refuel at every port with an LNG bunkering station that it visits. Constraints451

(15) and (16) states the upper limits of the remaining LNG volume when ship j finishes452

cargo handling and before LNG refueling, if any, at the kth port. The upper limit will be453

reached if and only if the ship gets refueled at the k−1th port. These two constraints narrow454

the domain of the decision variable πFinishj k and make the model tighter, which will lead to455

a higher solution speed. The limit will be reached only if the ship refuels at the last port456

along the route before the kth port. Constraints (17)–(19) define the domains of the decision457

variables.458

2.3. Extensions459

On the basis of the model developed in Subsection 2.2, there are several extensions that460

worth discussion.461

The first extension is to take ocean-going ships into consideration. For ocean-going ships,462

the ship emissions outside the inland river area do not influence the social welfare of the463

government, namely the decision maker in this paper. Therefore, they would be excluded464

from the objective function. The LNG bunkering station construction situation of foreign465

ports visited by the ocean-going ships is assumed to be fixed. Consequently, the LNG and466

MDO consumption volume of traditional and dual-fueled ship outside the inland river as well467
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as the LNG remaining volume at the first port of call in the inland river area are assumed468

to be fixed and known. Then, in the ship level model, the ship operators make decisions469

considering the operating costs of sailing outside the inland river of traditional ship and470

dual-fueled ships, which are certain and known. The ship will be retrofitted if the total cost471

of a dual-fueled ship is no less than that of a traditional ship. The port level and government472

level model are the same as Subsection 2.2 and focus on the inland river area.473

The second extension is to consider different capacities of LNG bunkering stations. In474

this extension, the bunkering station capacity is an decision variable and the ports can475

choose the capacity from a predetermined set. As for the construction cost we consider it is476

positively related to the capacity. Meanwhile, in the port level, constraints that assure all477

LNG bunkering demand of dual-fueled ships have to be satisfied will be added. Therefore,478

the ports prefer to choose the minimum capacity that can handle the all the demand.479

3. Solution method480

The main difficulty in solving this problem is its trilevel structure, which leads to481

interdependence among the decisions of different decision makers. At the government level,482

subsidy rates αP and αV are determined. To handle the government-level problem, we483

enumerate all possible situations for the values of αP and αV ; then the problem becomes484

bilevel. In a bilevel problem, there is a leader who first makes a decision and a follower485

who makes a decision after the leader, and they each make decisions based on their own486

interests. The leader’s decisions will influence the follower’s decisions, which in turn, have an487

impact on the leader’s objective function value. In our bilevel problem, the port group that488
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manages all ports is the leader; ship operators who control their own ships are followers who489

decide independently. In the following subsection, we convert the bilevel problem into an490

equivalent single-level problem [SP ], which can be solved by an off-the-shelf CPLEX solver491

after model linearization.492

3.1. Single-level problem493

At the ship level, due to the sufficiently large capacity of LNG bunkering stations, the494

decisions of ship operators are mutually independent. The only factor that influences the495

ship operator’s decision is the net profit from retrofitting the ship; the ship will be retrofitted496

if and only if the benefit exceeds the cost. Therefore, the decision-making process at the497

ship level can be represented by the two sets of binary variables zj and ξj, as follows:498

Variables499

zj binary variable, equal to 1 when ship j can benefit from being retrofitted

into a dual-fuel ship, 0 otherwise, ∀j ∈ P ;

500

ξj parameter used to indicates the difference between zj and yj, equal to 0

when zj = yj, 1 otherwise.

501

With zj and ξj, the bilevel programming model can be converted to a single-level502

programming model [SP ] as follows:503

[SP ] max
∑
i∈P

[
−(1− αP)CPi xi +

∑
j∈V

(
ÛLNG − ŨLNG

)
ωjiyj

]
−
∑
j∈V

M̂jξj (20)

subject to constraint (6), constraints (9)–(19) for all j ∈ V , and the following constraints:504
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zj − yj ≤ ξj,∀j ∈ V (21)

yj − zj ≤ ξj,∀j ∈ V (22)

C̄j
MDO −

CVj (1− αV) +Oj

∑
k∈P ′

j

fj (1− Tjk) θjk + C̄j
Dual −Oj∆U

∑
i∈P

ωji

 ≤Mjzj,

∀j ∈ V (23)CVj (1− αV) +Oj

∑
k∈P ′

j

fj (1− Tjk) θjk + C̄j
Dual −Oj∆U

∑
i∈P

ωji

− C̄j
MDO ≤Mj (1− zj) ,

∀j ∈ V (24)

ξj ≥ 0,∀j ∈ V . (25)

In [SP ], M̂j and Mj are parameters that are large enough, and the values of M̂j and Mj505

are listed below.506

Parameters507

M̂j parameter used in the objective function (20), equal to(
ÛLNG − ŨLNG

) ∑
k∈P ′

j

LjkR
j
LNG +mjkR

′j
LNG, ∀j ∈ V ;

508

Mj parameter used in constraints (23) and (24), equal to

max

{
CVj (1− αV) +Oj

∑
k∈P ′

j

fj (1− Tjk) + C̄j
Dual, C̄

j
MDO + ∆U

∑
k∈P ′

j

LjkR
j
LNG

+mjkR
′j
LNG

}
,∀j ∈ V .

509

In [SP ], constraints (21) and (22) combined with the second part of objective510
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function (20),
∑
j∈V

M̂jξj, ensure that zj = yj, j ∈ V . The left-hand side of constraints (23)511

is the benefit of retrofitting ship j. Constraints (23) and (24) guarantee that zj = 1 if512

and only if ship j can benefit from being retrofitted. Therefore, the bilevel problem is513

converted to the equivalent single-level problem [SP ], which is a mixed integer nonlinear514

programming problem, and should be linearized before being solved. The linearization515

process is given in Appendix A. Solving [SP ], we obtain the corresponding government516

profit OptG(αP , αV) = ∆E

∑
j∈V
∑

i∈P Optωji − αP
∑

i∈P C
P
i Optxi − αV

∑
j∈V C

V
j Optyj, in517

which Optxi, Optyj, and Optωji are the optimal solution of [SP ] with αP and αV . Based on518

[SP ], the trilevel model [MG] can be solved as follows:519

maximizeαP=0%,5%,...,100%,αV=0%,5%,...,100%OptG(αP , αV). (26)

4. Numerical Experiments520

The algorithm was programmed in C++ with Visual Studio 2019, and we used CPLEX521

12.10 to solve [SP ] with different values of αP and αV . Multiple numerical experiments522

were conducted to validate the model and the algorithm. Computational experiments were523

conducted on a LENOVO XiaoXinPro-13IML 2019 laptop with i7-10710U CPU, 1.10 GHz524

processing speed and 16 GB of memory.525

4.1. Parameter settings526

The parameters used in the numerical experiments were collected from previous studies527

and related reports. First we estimated the environmental benefits of consuming one ton of528
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LNG, ∆E := R · EMDO − ELNG. Ship emissions contain various pollutants, of which four529

are considered in this paper: SOX, NOX, CO2, and PM2.5. For the value of ∆E, we adopted530

EMDO = 1, 280.31 USD/ton, ELNG = 391.43 USD/ton, and ∆E = R · EMDO − ELNG =531

1, 119.33 USD/ton as mentioned in Section 2. Next, we calculated the fuel cost reduction532

of the ship operator when 1 ton of LNG is consumed, ∆U := R · UMDO − ÛLNG. According533

to market information, the bunkering price of regular diesel is set at 950 USD/ton and the534

bunkering price of LNG, ÛLNG, is about 800 USD/ton. Therefore, ∆U = 321 USD/ton.535

The LNG purchasing cost of bunkering stations is around 650 USD/ton; thus, ŨLNG = 650536

USD/ton.537

To numerically validate the model and algorithm proposed in this paper, we generated538

a port set of 10 ports and a ship set of 25 ships. According to the International Maritime539

Organization (2016), the annualized construction cost of an LNG bunkering station is about540

4, 088, 000 USD per year. On this basis, we randomly generated the values of CPi , i ∈ P ,541

between 3, 270, 400 USD (= 0.8× 4, 088, 000) and 4, 905, 600 USD (= 1.2× 4, 088, 000).542

For ship operators, the total cost of retrofitting a large container ship of 15,000 TEU543

capacity as a dual-fuel ship is about 25 million to 30 million USD (International Maritime544

Organization, 2016; Freight Waves, 2019). However, due to waterway conditions, inland545

river ships have a smaller dead weight tonnage than seagoing vessels do. Therefore, we546

considered ships with a capacity of around 2000 TEU, whose retrofitting cost ranges from547

15 million USD to 20 million USD. We randomly generated the values of ĈVj , j ∈ V . After548

considering the 8% interest rate and 20 years’ depreciation time, the cost was annualized549

into CVj . The LNG tank capacity of ship j ranges from 6.39 to 8.52 tons, namely 15 to 20550
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m3. The extra cost to ship j of refueling at a port that is not visited by the ship, fj, ranges551

from 50 USD to 100 USD. Regarding maintenance costs, a ship that is retrofitted will need552

less maintenance and repair work, but such work will cost more (International Maritime553

Organization, 2016). Consequently, we assumed that the annual cost for maintenance and554

repair is similar for traditional ships and dual-fuel ships; that is, C̄j
Dual = C̄j

MDO, j ∈ V .555

We assumed that each ship works for 330 days per year, including sailing and berthing556

for cargo handling, giving S = 330 × 24 = 7920. The specific amount of annual revenue557

will not influence the optimal solution as long as the profit of each ship is positive, and we558

assumed that Gj = CVj + Oj

∑
k∈P ′

j
fj(1 − Tjk), j ∈ V , which is large enough to keep the559

profit positive. Ship j visits some of the ports along its route, and which ports the ship560

visits is randomly generated. The sailing speeds of different ships are randomly generated561

in the range of 15 to 20 knots, and the LNG consumption rate while sailing, Rj
LNG, is closely562

related to the sailing speed. Meanwhile, the LNG consumption rate while berthing, R′jLNG,563

is set to be the same for different ships due to their similar sizes. Considering the small564

capacity of container ships sailing along the inland river, the berthing time at each port565

varies from two to five hours.566

4.2. Results and Sensitivity Analysis567

All of the numerical experiments involved 10 ports along the river and 25 ships sailing568

among them, and were completed within 2000 seconds. We conducted sensitive analysis569

with different values of crucial parameters including CPi , CVj , ∆E, UMDO, ÛLNG, and ŨLNG570

to show their influence on the optimization results. Details of the sensitivity analysis are as571
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follows.572

First, we conducted the numerical experiment with the parameters given in573

Subsection 4.1, which is denoted as the basic case (CBasic). Next, we solved [SP ] with574

αP = αV = 0 to represent the scenario without government subsidy, denoted by CWithout.575

The results are presented in Table 1.576

Table 1: Results of CBasic and CWithout

CWithout CBasic CαV

OptG (USD) 0 79,681,000 84,604,900
OptαP N/A 0.4 0.4
OptαV N/A 0.55 OptαV1 = 0.45, OptαV2 = 0.3

Number of ports with bunkering stations 0 5 6
Number of ships retrofitted 0 25 23
Subsidy expenditure (USD) 0 32,846,100 25,542,300

LNG usage (ton) 0 100,531.65 98,405.44
MDO usage (ton) 91, 712.61 6, 516.3 8, 318.17

Environmental revenue (USD) 0 112,527,000 110,147,000
Solution time (second) N/A 687.824 N/A

From Table 1 we can see that without the subsidy from the government, no LNG577

bunkering station will be constructed due to the high cost of investment, and no ship will be578

retrofitted because of the high cost of investment and the lack of bunkering stations. With579

the optimal government subsidy plan, an environmental revenue of 112, 527, 000 USD can580

be achieved by providing 32, 846, 100 USD of subsidy in total, which yields a net benefit581

of 79, 681, 000 USD. The comparison shows the huge benefit of using LNG as marine fuel582

and demonstrates the necessity and efficiency of a well-thought-out government subsidy. In583

practice, the government may provide a higher subsidy rate for particular ports or ships584

with priority. We conducted case CαV to indicate the influence of subsidy rates for ports585

with priority. Considering that the government pays high attention to the environmental586

revenue that is directly related to the LNG consumption volume, we divide the 25 ships into587
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two groups with different subsidy rates, denoted by αV1 and αV2. Ships in group 2 (ship 2,588

11, 12, 13, 15, 18, 22, 24 and 25) have higher LNG consumption rates than those in group 1.589

From the results in Table 1 we can see that under the differentiated subsidy rates, although590

the environmental revenue decreases due to the smaller number of retrofitted ships, the591

lower subsidy expenditure makesOptG even 6.2%(= (84, 604, 900−79, 681, 000)/79, 681, 000)592

higher than that of CBasic. The effectiveness of subsidy plan with priority is indicated by593

CαV . More in-depth research on subsidy with more complicated priorities should constitute a594

new research angle. However, differentiated subsidy rates would also lead to extra problems.595

The potential unfair competition and management difficulty that might brought by the596

subsidy plan with priorities should be balanced against the higher OptG.597

Showing how the subsidy rates αP and αV influence the net government profit ObjG and598

the consumption volume of LNG as marine fuel, the two sets of results for different values599

of αP and αV are displayed in Figure 3 and Figure 4.600

From Figure 3 we can see that a higher αP and αV do not necessarily lead to higher601

government net profit; the government must balance environmental revenue and subsidy602

expenditure to obtain the optimal government subsidy plan. Generally, ObjG is larger603

when the values of αP and αV are relatively close. In some extreme scenarios, ObjG becomes604

negative; this phenomenon occurs when there is a wide gap between the values of αP and605

αV . For example, when αP = 1 and αV = 0, most of the ports choose to build bunkering606

stations, and the government has to pay them a large subsidy. At the ship level, although it is607

convenient to refuel LNG, the high retrofitting cost prevents ship operators from retrofitting608

their ships. Therefore, the environmental benefits are trivial, and ObjG becomes negative.609
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Figure 3: OptG under different values of αP and αV

Figure 4: LNG consumption volume under different values of αP and αV
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Similarly, when αP = 0 and αV = 1, most of the ship operators choose to retrofit their610

ships and a governmental subsidy is required. Meanwhile, at the port level, with the high611

demand, very few of the bunkering stations will be built due to the high construction costs.612

Given this, those retrofitted dual-fueled ships are mainly powered by MDO because of the613

absence of a complete bunkering system, which yields little environmental benefit. As a614

result, ObjG becomes negative. This indicates that it is important to determine the subsidy615

amount wisely, and subsidizing at both the port and ship levels is more efficient than focusing616

on just one of them. From Figure 4 we can see that with the same value of αP (αV), a larger617

αV (αP) does not always lead to a larger LNG consumption volume. This phenomenon is618

due to the multi-level structure and different objectives at each level.619

Table 2 shows the results of numerical experiments with different values of Ci
P , Cj

V , ∆E,620

UMDO, ÛLNG, and ŨLNG.621

Table 2: Values of crucial parameters

Parameter Values

∆E 500, 700, 900, 1100, 1119.333, 1300, 1500
UMDO 800, 900, 950, 1000, 1100, 1200

ÛLNG 700, 750, 800, 850, 900, 950, 1000

ŨLNG 550, 600, 650, 700, 750

Ci
P (average value) 3285000, 3650000, 4015000, 4380000, 4745000

Cj
V [305700, 509500), [509500, 1019000), [1019000, 1528500), [1528500, 2038000), [2038000, 2547500)

For each crucial parameter, a group of numerical experiments was conducted to analyze622

the influence of this parameter on OptG. For example, in Group∆E, there were seven cases623

with different values of ∆E, namely C∆E1 to C∆E7. All of the other parameters of cases in624

Group∆E were the same as in the basic case CBasic. The optimal objective values of the625

six groups of cases are listed in Figure 5.626
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(a) (b)

(c) (d)

(e) (f)

Figure 5: Results of numerical experiments with different values of critical parameters
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From Figure 5(a), Figure 5(b), and Figure 5(f) we can see that OptG decreases with Ci
P ,627

Cj
V , and ŨLNG. This is reasonable because a higher bunkering station construction cost, ship628

retrofitting cost, and LNG purchasing cost will discourage ports and ships from adopting629

LNG, so the government needs to provide more generous subsidies in response. Figure 5(c)630

and Figure 5(d) show that OptG increases with ∆E, and UMDO. Regarding ∆E, the result631

is intuitive, because a larger value of ∆E leads to higher environmental revenue with the632

same LNG consumption volume. As for UMDO, the higher the MDO price, the greater the633

bunker cost that ship operators can save by retrofitting their ships, and the lower the subsidy634

required to encourage them to do so. The relationship between OptG and ÛLNG is slightly635

more complicated, as shown in Figure 5(e), because the value of ÛLNG influences the bunker636

cost savings of ship operators and the LNG selling profit of ports in opposite ways. Thus,637

the subsidies required by ports and ships change in opposite directions.638

5. Conclusions639

LNG is a promising alternative fuel for the maritime transportation industry, as it can640

reduce ship emissions and alleviate environmental problems. However, the application of641

LNG as marine fuel is still in its infancy and is impeded by various factors, such as the642

“chicken and egg” problem that arises in any transition to alternative fuels. To break643

the deadlock, the government can provide subsidies for ports and ships to cover part644

of the costs of constructing LNG bunkering stations and retrofitting ships. Considering645

the environmental revenue resulting from the use of LNG as marine fuel and the subsidy646

expenditure, the government needs to select a subsidy rate that will maximize the total647
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profit. Therefore, this study has investigated the government subsidy plan optimization648

problem for LNG as marine fuel. Three parties are involved in the problem, namely the649

government, the ports in the area under consideration, and the ships sailing in the area;650

each party acts in its own interests. Based on this structure, a trilevel programming model651

was proposed, and then the bilevel problem (port level and ship level) was converted into652

an equivalent single-level problem. Next, after linearization, the problem becomes a mixed-653

integer linear problem that can be solved by CPLEX. Finally, an enumeration algorithm654

was applied to determine the optimal subsidy rates. Two series of numerical experiments655

were conducted to validate the model and solution method.656

Compared with existing literature, this paper reveals the significance of government657

subsidies in the promotion of LNG as alternative marine fuel and gives a series of operational658

suggestions on the basis of quantitative analysis. From the results of numerical experiments659

with different values of αP and αV , we know that government subsidies significantly promote660

the application of LNG as marine fuel and therefore achieve a large environmental benefit.661

Besides, the complex relationships between subsidy rates and net government profit, and662

between subsidy rates and environmental revenue are also revealed. In extreme cases, the663

government net profit may become negative. It is therefore necessary to investigate the664

government subsidy plan optimization problem. Based on the numerical experiments with665

different values of crucial parameters, their influence on the optimal solution ia revealed.666

The values of Ci
P , Cj

V , and ŨLNG are negatively related to the government’s net profit.667

Meanwhile, higher values of ∆E and UMDO lead to higher net government profit. However,668

the influence of ÛLNG is more complicated, because ÛLNG impacts the profit of ports and669
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ships in opposite ways.670

Of course, this paper still has its own limitations and interesting potential extensions.671

First, at the port level, we do not include the competition between ports in the LNG refueling672

market as well as the traditional marine fuel bunkering market, and future research could673

take these into account. Meanwhile, the LNG bunkering price can also be decided by the674

port instead of the government. Second, at the ship level, the ship operators are assumed675

to work independently, but in reality, they will compete for cargoes in the transportation676

market. Research considering competition between ships could be developed in the future.677

Third, based on this paper, the government subsidy plan optimization problem for other678

alternative marine fuels can be investigated, for example, hydrogen and biofuels. Fourth,679

we have adopted a subsidy plan with two priority levels in αV ; more in-depth research on680

subsidy plan with more complicated priorities could prove an interesting research direction.681

Acknowledgments682

This work was supported by the Research Grants Council of the Hong Kong Special683

Administrative Region, China [Project number 15202019] and the National Natural Science684

Foundation of China [Grant Nos. 72071173, 71831008]. Gilbert Laporte was supported685

by the Canadian Natural Sciences and Engineering Research Council [grant number 2015-686

06189].687

40



References688

Acciaro, M., 2014. Real option analysis for environmental compliance: LNG and emission control689

areas. Transportation Research Part D 28, 41–50.690

Aldy, J.E., Kotchen, Matthew J. anf Stavins, R.N., Stock, J.H., 2021. Keep climate policy focused691

on the social cost of carbon 373, 850–852.692

Altosole, M., Campora, U., Savio, S., 2018. Improvements of the ship energy efficiency by a steam693

powered turbogenerator in LNG propulsion applications. 2018 International Symposium on694

Power Electronics, Electrical Drives, Automation and Motion, IEEE , 449–455.695

Aneziris, O., Koromila, I., Nivolianitou, Z., 2020. A systematic literature review on LNG safety at696

ports. Safety Science 124, 104595.697

Bajic, A., 2020. EU backs Port of Algeciras LNG bunkering vessel build. URL: https://www.of698

fshore-energy.biz/eu-backs-port-of-algeciras-lng-bunkering-vessel-build/.699

CMA CGM Group, 2020. The CMA CGM JACQUES SAADE, the world’s first 23,000 TEU700

powered by LNG. URL: https://cmacgm-group.com/en/launching-cmacgm-jacques-saa701

d%25C3%25A9-world%2527s-first-ultra-large-vessel-powered-by-lng.702

Deng, J., Wang, X., Wei, z., Wang, L., Wang, C., Chen, Z., 2021. A review of NOx and SOx emission703

reduction technologies for marine diesel engines and the potential evaluation of liquefied natural704

gas fuelled vessels. Science of the Total Environment 766, 144319.705

European Commission, 2012. LNG masterplan for Rhine-Main-Danube. URL: https://www.pr706

odanube.eu/download-pdi?layout=edit&id=127.707

Faber, J., Hanayama, S., Zhang, S., Pereda, P., Comer, B., Hauerhof, E., Smith,708

T., Zhang, Y., Kosaka, H., Adachi, M., Bonello, J.M., 2020. Reduction of GHG709

emissions from ships: Fourth IMO GHG study 2020–Final report. URL: https:710

41

https://www.offshore-energy.biz/eu-backs-port-of-algeciras-lng-bunkering-vessel-build/
https://www.offshore-energy.biz/eu-backs-port-of-algeciras-lng-bunkering-vessel-build/
https://www.offshore-energy.biz/eu-backs-port-of-algeciras-lng-bunkering-vessel-build/
https://cmacgm-group.com/en/launching-cmacgm-jacques-saad%25C3%25A9-world%2527s-first-ultra-large-vessel-powered-by-lng
https://cmacgm-group.com/en/launching-cmacgm-jacques-saad%25C3%25A9-world%2527s-first-ultra-large-vessel-powered-by-lng
https://cmacgm-group.com/en/launching-cmacgm-jacques-saad%25C3%25A9-world%2527s-first-ultra-large-vessel-powered-by-lng
https://www.prodanube.eu/download-pdi?layout=edit&id=127
https://www.prodanube.eu/download-pdi?layout=edit&id=127
https://www.prodanube.eu/download-pdi?layout=edit&id=127
https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf
https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf
https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf


//imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-G711

HG-Study-2020-Final-report-Secretariat.pdf.712

Fokkema, J.E., Buijs, P., Vis, I., 2017. An investment appraisal method to compare LNG-fueled713

and conventional vessels. Transportation Research Part D 56, 229–240.714

Freight Waves, 2019. Hapag-Lloyd to retrofit 15,000 TEU ship for LNG. URL: https://www.fr715

eightwaves.com/news/hapag-lloyd-to-retrofit-15000-teu-ship-for-lng.716

Guan, G., Lin, Y., Chen, Y., 2017. An optimisation design method for cryogenic pipe support717

layout of LNG-powered ships. Journal of Marine Engineering & Technology 16, 45–50.718

International Maritime Organization, 2016. Studies on the feasibility and use of LNG as a fuel for719

shipping. URL: http://www.imo.org/en/OurWork/Environment/PollutionPrevention/Air720

Pollution/Documents/LNG%20Study.pdf.721

International Maritime Organization, 2019. Marine environment. URL: http://www.imo.org/722

en/OurWork/Environment/Pages/Default.aspx.723

International Maritime Organization, 2020. Sulphur 2020–cutting sulphur oxide emissions. URL:724

https://www.imo.org/en/MediaCentre/HotTopics/Pages/Sulphur-2020.aspx.725

Kana, A.A., Harrison, B.M., 2017. A Monte Carlo approach to the ship-centric Markov decision726

process for analyzing decisions over converting a containership to LNG power. Ocean Engineering727

130, 40–48.728

Kana, A.A., Knight, J., Sypniewski, M.J., Singer, D.J., 2015. A Markov decision process framework729

for analyzing LNG as fuel in the face of uncertainty. 12th International Marine Design Conference730

2015 .731

Ko, J., Gim, T.H.T., Guensler, R., 2017. Locating refuelling stations for alternative fuel vehicles:732

a review on models and applications. Transport Reviews 37, 551–570.733

42

https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf
https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf
https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf
https://imoarcticsummit.org/wp-content/uploads/2020/09/MEPC-75-7-15-Fourth-IMO-GHG-Study-2020-Final-report-Secretariat.pdf
https://www.freightwaves.com/news/hapag-lloyd-to-retrofit-15000-teu-ship-for-lng
https://www.freightwaves.com/news/hapag-lloyd-to-retrofit-15000-teu-ship-for-lng
https://www.freightwaves.com/news/hapag-lloyd-to-retrofit-15000-teu-ship-for-lng
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Documents/LNG%20Study.pdf
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Documents/LNG%20Study.pdf
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/Documents/LNG%20Study.pdf
http://www.imo.org/en/OurWork/Environment/Pages/Default.aspx
http://www.imo.org/en/OurWork/Environment/Pages/Default.aspx
http://www.imo.org/en/OurWork/Environment/Pages/Default.aspx
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Sulphur-2020.aspx
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Sulphur-2020.aspx
https://www.imo.org/en/MediaCentre/HotTopics/Pages/Sulphur-2020.aspx


Lim, S., Kuby, M., 2010. Heuristic algorithms for siting alternative-fuel stations using the flow-734

refueling location model. European Journal of Operational Research 204, 51–61.735

Lim, T.W., Choi, Y.S., 2020. Thermal design and performance evaluation of a shell-and-tube736

heat exchanger using LNG cold energy in LNG fuelled ship. Applied Thermal Engineering 171,737

115120.738

Milioulis, K., Bolbot, V., Theotokatos, G., 2021. Model-based safety analysis and design739

enhancement of a marine LNG fuel feeding system. Marine Science and Engineering 9, 1–25.740

Ministry of Finance of the People’s Republic of China and Ministry of Transport of the People’s741

Republic of China, 2014. Measures for the administration of subsidies for the standardization742

of inland river ship types. URL: www.gov.cn/xinwen/2014-04/17/content_2661069.htm.743

Ministry of Transport of the People’s Republic of China, 2017a. Layout Scheme of LNG Filling744

Wharf for Yangtze River Beijing-Hangzhou Grand Canal and Xijiang Shipping Line. URL:745

https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3319981.html.746

Ministry of Transport of the People’s Republic of China, 2017b. Regulations on the747

administration of old transport ships. URL: https://xxgk.mot.gov.cn/2020/jigou/fgs/748

202006/t20200623_3307863.html.749

National Development and Reform Commission and Ministry of Transport of the People’s Republic750

of China, 2019. Notice on strictly controlling the utilization of coastline resources of ports on751

the trunk line of the yangtze river. URL: https://xxgk.mot.gov.cn/2020/jigou/zhghs/752

202006/t20200630_3321221.html.753

New South Wales Environment Protection Authority of Australia, 2015. Transport and754

environment comments to New South Wales Environment Protection Authority of Australia755

consultation regarding stricter sulphur fuel requirement for cruise ships in Sydney harbor. URL:756

43

www.gov.cn/xinwen/2014-04/17/content_2661069.htm
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3319981.html
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3319981.html
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3319981.html
https://xxgk.mot.gov.cn/2020/jigou/fgs/202006/t20200623_3307863.html
https://xxgk.mot.gov.cn/2020/jigou/fgs/202006/t20200623_3307863.html
https://xxgk.mot.gov.cn/2020/jigou/fgs/202006/t20200623_3307863.html
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3321221.html
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3321221.html
https://xxgk.mot.gov.cn/2020/jigou/zhghs/202006/t20200630_3321221.html


https://www.transportenvironment.org/.757

Nunes, R., Alvim-Ferraz, M., Martins, F., Sousa, S., 2019. Environmental and social valuation of758

shipping emissions on four ports of Portugal. Journal of Environmental Management 235, 62–69.759

Oxford Institute for Energy Studies, 2018. A review of demand prospects for LNG as a marine760

transport fuel. URL: https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/761

07/A-review-of-demand-prospects-for-LNG-as-a-marine-fuel-NG-133.pdf.762

Park, S., Jeong, B., Yoon, J., Paik, K., 2018. A study on factors affecting the safety zone in763

ship-to-ship LNG bunkering. Ships and Offshore Structures 13, S312–S321.764

Peng, Y., Zhao, X., Zuo, T., Wang, W., 2021. A systematic literature review on port LNG765

bunkering station. Transportation Research Part D 91, 102704.766

Schinas, O., Butler, M., 2020. Feasibility and commercial considerations of LNG-fueled ships.767

Ocean Engineering 122, 84–96.768

Song, S., 2014. Ship emissions inventory, social cost and eco-efficiency in Shanghai Yangshan port.769

Atmospheric Environment 82, 288–297.770

Tam, J.H., 2020. Overview of performing shore-to-ship and ship-to-ship compatibility studies for771

LNG bunker vessels. Journal of Marine Engineering & Technology 19, 1–14.772

The National People’s Congress of the People’s Republic of China, 2018. Law of the People’s773

Republic of China on the prevention and control of atmospheric pollution. URL: http://www.774

npc.gov.cn/npc/sjxflfg/201906/daae57a178344d39985dcfc563cd4b9b.shtml.775

UNCTAD, 2019. Review of maritime transport 2019. URL: https://unctad.org/en/Publicat776

ionsLibrary/rmt2019_en.pdf.777

Ursavas, E., Zhu, S.X., Savelsbergh, M., 2020. LNG bunkering network design in inland waterways.778

Transportation Research Part C 120, 102779.779

44

https://www.transportenvironment.org/
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/07/A-review-of-demand-prospects-for-LNG-as-a-marine-fuel-NG-133.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/07/A-review-of-demand-prospects-for-LNG-as-a-marine-fuel-NG-133.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2018/07/A-review-of-demand-prospects-for-LNG-as-a-marine-fuel-NG-133.pdf
http://www.npc.gov.cn/npc/sjxflfg/201906/daae57a178344d39985dcfc563cd4b9b.shtml
http://www.npc.gov.cn/npc/sjxflfg/201906/daae57a178344d39985dcfc563cd4b9b.shtml
http://www.npc.gov.cn/npc/sjxflfg/201906/daae57a178344d39985dcfc563cd4b9b.shtml
https://unctad.org/en/PublicationsLibrary/rmt2019_en.pdf
https://unctad.org/en/PublicationsLibrary/rmt2019_en.pdf
https://unctad.org/en/PublicationsLibrary/rmt2019_en.pdf


Viana, M., Hammingh, P., Colette, A., Querol, X., Degraeuwe, B., de Vlieger, I., van Aardenne,780

J., 2014. Impact of maritime transport emissions on coastal air quality in Europe. Atmospheric781

Environment 90, 96–105.782

Wan, C., Yan, X., Zhang, D., Yang, Z., 2019. A novel policy making aid model for the development783

of LNG fuelled ships. Transportation Research Part A 119, 29–44.784

Wang, S., Notteboom, T., 2014. The adoption of liquefied natural gas as a ship fuel: A systematic785

review of perspectives and challenges. Transport Reviews 34, 749–774.786

Wu, L., Wang, S., 2020. The shore power deployment problem for maritime transportation.787

Transportation Research Part E 135, 101883.788

Xu, H., Yang, D., 2020. LNG-fuelled container ship sailing on the Arctic Sea: Economic and789

emission assessment. Transportation Research Part D 87, 102566.790

Yoo, B.Y., 2017. Economic assessment of liquefied natural gas (LNG) as a marine fuel for CO2791

carriers compared to marine gas oil (MGO). Energy 121, 772–780.792

Ytreberg, E., Astrom, S., Fridell, E., 2021. Valuating environmental impacts from ship emissions–793

the marine perspective. Journal of Environmental Management 282, 111958.794

Zheng, W., Jian, D., Shi, H., 2017. The risk research of inland river LNG filling barge based on795

Spill simulation. 2017 4th International Conference on Transportation Information and Safety796

(ICTIS), August 8-10, 2017, Banff, Canada .797

45



A. Model linearization of [SP ]798

In the objective function (20), there is one nonlinear part, namely the product of yj799

ωji. The product of θjk and πFinishjk in constraints (9) and the maximum calculations in800

constraints (10) and (11) also need to be linearized. The following variables are introduced801

to linearize the model.802

Decision variables803

ω̂ji variable introduced to linearize the objective function (20), ∀j ∈ V ,∀i ∈

P ;

804

γ1
jk introduced to linearize constraints (9), ∀j ∈ V ,∀k ∈ P ′j;805

γ2
jk binary variable introduced to linearize constraints (10) and (11), ∀j ∈

V ,∀k ∈ P ′j;
806

To linearize the objective function (20), we replace yjθjk with θ̂jk, and replace yjωji with807

ω̂ji. Then the objective function can be rewritten as:808

[SP ] max
∑
i∈P

[
−(1− αP)CPi xi +

∑
j∈V

(
ÛLNG − ŨLNG

)
ω̂ji

]
−
∑
j∈V

M̂jξj (27)

Meanwhile, following constraints should be added:809

ω̂ji ≤Mjiyj,∀i ∈ P ,∀j ∈ V (28)

ω̂ji ≤ ωji,∀i ∈ P ,∀j ∈ V (29)

ω̂ji ≥ ωji −Mji (1− yj) ,∀i ∈ P ,∀j ∈ V (30)
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ω̂ji ≤Mji,∀i ∈ P ,∀j ∈ V (31)

Constraints (9) can be replaced by the following constraints:

πLeavejk = πFinishjk + θjkqj − γ1
jk,∀k ∈ P ′j,∀j ∈ V (32)

γ1
jk ≤ qjθjk,∀k ∈ P ′j,∀j ∈ V (33)

πFinishjk − qj (1− θjk) ≤ γ1
jk,∀k ∈ P ′j,∀j ∈ V (34)

γ1
jk ≤ πFinishjk ,∀k ∈ P ′j,∀j ∈ V (35)

0 ≤ γ1
jk ≤ qj,∀k ∈ P ′j,∀j ∈ V (36)

Constraints (10) and (11) can be replaced by the following constraints:810

πFinishjk ≥ 0, ∀k ∈ P ′j, ∀j ∈ V (37)

πFinishjk ≤ πLeavej,k−1 − Lj,k−1R
j
LNG −mjkR

′j
LNG +Mjk

(
1− γ2

jk

)
, k = 2, 3, ...,

∣∣P ′j∣∣ ,∀j ∈ V (38)

πFinishj1 ≤ πLeave
j,|P ′

j| − Lj,|P ′
j|R

j
LNG −mj1R

′j
LNG +Mj1

(
1− γ2

j1

)
,∀j ∈ V (39)

πFinishjk ≤Mjkγ
2
jk,∀k ∈ P ′j,∀j ∈ V (40)

πFinishjk ≥ πLeavej,k−1 − Lj,k−1R
j
LNG −mjkR

′j
LNG −Mjk

(
1− γ2

jk

)
, k = 2, 3, ...,

∣∣P ′j∣∣ ,∀j ∈ V (41)

πFinishj1 ≥ πLeave
j,|P ′

j| − Lj,|P ′
j|R

j
LNG −mj1R

′j
LNG −Mj1

(
1− γ2

j1

)
,∀j ∈ V (42)

πLeavej,k−1 − Lj,k−1R
j
LNG −mjkR

′j
LNG ≥ −Mjk

(
1− γ2

jk

)
, k = 2, 3, ...,

∣∣P ′j∣∣ ,∀j ∈ V (43)
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πLeave
j,|P ′

j| − Lj,|P ′
j|R

j
LNG −mj1R

′j
LNG ≥ −Mj1

(
1− γ2

j1

)
,∀j ∈ V (44)

πLeavej,k−1 − Lj,k−1R
j
LNG −mjkR

′j
LNG ≤Mjkγ

2
jk, k = 2, 3, ...,

∣∣P ′j∣∣ ,∀j ∈ V (45)

πLeave
j,|P ′

j| − Lj,|P ′
j|R

j
LNG −mj1R

′j
LNG ≤Mj1γ

2
j1,∀j ∈ V (46)

γ2
jk = 0, 1,∀k ∈ P ′j,∀j ∈ V . (47)

In these constraints, Mjk, j ∈ V , k ∈ P ′j are numbers that are large enough, and the specific811

values are as follows.812

Parameters813

Mjk parameter used in constraints (41), equals qj + Lj,k−1R
j
LNG +

mjkR
′j
LNG,∀j ∈ V , k = 2, 3, ...,

∣∣P ′j∣∣;814

Mj1 parameter used in constraints (42), equals qj + Lj,|P ′
j|R

j
LNG +

mj1R
′j
LNG,∀j ∈ V .

815

B. Extension considering maritime economics816

In the mathematical model proposed in the main text, we only consider the operating817

costs in the ship level model and assume fixed sailing speed and annual revenue in this818

paper. However, in reality, the sailing speed is a critical decision variable that will influence819

the annual revenue, which is one of the ship operators’ main focuses. Besides, in [MVj] we820

ignore the time required for the retrofitting work as well as the revenue loss caused by it.821

To integrate these factors into the problem, we consider a planning period of Z years. In822

year z, z = 1, 2, ..., Z, the freight rate and sailing demand of ship j are denoted by freightzj823
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and Ōz
j , in which Ōz

j represents the number of round trips that is required to meet the824

transportation demand and freightzj represents the revenue when one round trip is finished825

by ship j. The operator of ship j decides whether and when to retrofit their ships, denoted826

by yzj , and choose the sailing speed from a predetermined set Sj at each year, with the aim827

to maximize the total profit in the planning period. The number of round trips finished in828

a year depends on the sailing speed and influences the annual revenue. Meanwhile, the fuel829

LNG consumption rate Rjs
LNG also depends on the sailing speed, and the relationship between830

the MDO consumption volume Rjs
MDO and Rjs

LNG is the same as in the model proposed in831

Section 2. In this extension, we develop a new model to describe the problem faced by the832

operator of ship j in Z years [MV Tj]. Before presenting the model, we list the notations833

needed.834

Sets and parameters835

Z the set of years considered, Z = {1, 2, ..., |Z|}, indexed by z;836

Sj the set of candidate sailing speeds of ship j, indexed by sj, ∀j ∈ V ;837

freightzj the freight rate of ship j in year z, ∀j ∈ V ,∀z ∈ Z;838

Ore
j the time needed to finish the retrofitting work of ship j in the unit of

round trip times;

839

Ore
js the time needed to finish the retrofitting work of ship j with sailing speed

sj in the unit of round trip times;

840

CVzj the annual retrofitting cost of ship j if it is retrofitted in year z, ∀j ∈

V ,∀z ∈ Z;

841
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Rjs
LNG the LNG consumption rate (ton/nm) of ship j while sailing at candidate

speed s, ∀j ∈ V ,∀s ∈ Sj;
842

Rjs
MDO the MDO consumption rate (ton/nm) of ship j while sailing at candidate

speed s, ∀j ∈ V ,∀s ∈ Sj;
843

Ōz
j the transportation demand of ship j in year z in the unit of round trips,

∀j ∈ V ,∀z ∈ Z;

844

Decision variables845

yzj integer variable, equal to 1 when ship j is retrofitted in year z, 0

otherwise, ∀j ∈ V ,∀z ∈ Z;

846

retrozj integer variable, equal to 1 when ship j is retrofitted in year z or has

been retrofitted before, 0 otherwise, ∀j ∈ V ,∀z ∈ Z;

847

Szsj integer variable, equal to 1 when ship j sails at candidate speed s in year

z, 0 otherwise, ∀j ∈ V ,∀z ∈ Z, ∀s ∈ Sj;
848

Speedzj the sailing speed of ship j in year z, ∀j ∈ V ,∀z ∈ Z;849

Oz
j the number of trips that ship j finishes in year z, ∀j ∈ V ,∀z ∈ Z;850

Ôz
j the number of trips that ship j finishes in year z if it keeps working

(sailing and berthing at ports for cargo handling or refueling) without a

rest, ∀j ∈ V ,∀z ∈ Z;

851

θzjk binary variable, equal to 1 when ship j refuels LNG at the kth port along

its route in year z if it is retrofitted, 0 otherwise, ∀k ∈ P ′j,∀j ∈ V ,∀z ∈ Z;

852

ωzsji the LNG refueling volume (ton) of ship j at physical port i in year z with

sailing speed s if it is retrofitted, ∀j ∈ V , ∀i ∈ P ,∀z ∈ Z, ∀s ∈ Sj;
853
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With these notations, the objective function of [MV Tj] can be written as:854

[MV Tj] max
∑
z∈Z

{
Oz
jfreight

z
j − retrozj

[∑
z∈Z

CVzj yzj (1− αV)

+Oz
j

∑
k∈P ′

j

fj (1− Tjk) θzjk −∆U

∑
s∈Sj

Szsj ω
zs
ji

+ C̄j
Dual

− (1− retrozj) C̄j
MDO


(48)

Subject to constraints (9)–(19) for all s ∈ Sj and the following constraints:855

retro1
j = y1

j (49)

retrozj = retroz−1
j + yzj , z = 2, ..., Z (50)

Ore
j =

∑
s∈{s|sj∈Sj}

Ore
jsS

zs
j , ∀z ∈ Z, ∀j ∈ V (51)

Ôz
j = S

/∑
k∈P ′

j

Ljk

/
Speedzj

+
∑
k∈P ′

j

Tjkmjk

,∀z ∈ Z (52)

Oz
j = min

{
Ōz
j , Ô

z
j −max

{
0, Ôz

j − Ōz
j −Ore

j

}
yzj

}
, ∀z ∈ Z (53)

Speedzj =
∑
s∈Sj

Szsj sj,∀z ∈ Z (54)

∑
sj∈Sj

Szsj = 1,∀z ∈ Z. (55)

In the objective function (48), the first part is the freight revenue, which has considered856

the revenue loss brought by the retrofitting work. The second part represents the minimum857
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operating costs of dual-fueled ships and the third part is the minimum operating costs of858

traditional ships. The annual retrofitting costs CVzj is closely related to the retrofitting timing859

because it influences the remaining service life of the newly retrofitted ship. Constraints (49)860

and (50) explain the relationship between yzj and retrozj . Constraints (51) states that the861

time used to retrofit ship j in the unit of round trip times depends on the sailing speed.862

Constraints (52) calculate the number of round trips the ship can finish if it keeps working863

in year z without a rest. Constraints (53) calculate the round trips ship j actually finishes864

in year z, which depends on the sailing speed, transportation demand and the retrofitting865

time needed. In this model, we assume that the ship operator will try to use as much as866

idle time to do the retrofitting work if it is needed. Constraints (54) and (55) state that the867

ship operator will choose one of the candidate speeds in each year.868
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