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Abstract

Environmental protection and sustainable development are recognized as one of the
major issues in the maritime industry. Various green technologies have been devel-
oped to alleviate the ship emission problem. In this thesis, we focus on the promotion
of two of the comparatively common technologies, namely shore power and using lig-
uefied natural gas (LNG) as marine fuel. Government subsidies are powerful tools
for the promotion, but existing studies on them stop at qualitative analysis or policy
evaluating. In this thesis, we aim to fill the gap and study the subsidy plan modeling
and optimization for the promotion of shore power and LNG as marine fuel. The
thesis consists of three studies.

Chapter 2 focuses on the application of subsidies in the promotion of shore power
and obtains the optimal subsidy design for the port to encourage ships to use shore
power while berthing. The trade-off between the environmental benefits and subsidy
expenses is the main issue to be addressed. Considering the characteristics of the
port, including the unit environmental benefits of emission reduction, the electricity
price, and the historical data of ship visits, a stochastic model was built to describe
the problem. We make full use of existing data of ship visits to make an approxima-
tion of the visits in the coming year, which is a closer estimate than that of existing
relevant studies. Taking advantage of the problem structure, we convert the model
into a deterministic one by applying sample average approximation (SAA) and bi-
nomial distribution. Next, without the loss of generality, we reformulated the model
and made the model tractable so that it could be solved by CPLEX. Abundant
numerical experiments were conducted to validate the model and show the influ-

ence of values of crucial parameters on the optimal solution. We summarized useful
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managerial insights from the numerical experiment results and sensitive analysis.

Chapter 3 investigates the government subsidy plan optimization for LNG as fuel
for maritime transportation. In this problem, the government provides subsidies for
ports and ship operators to cover part of the LNG bunkering station construction
cost and ship conversion cost. With the aim to maximize the net benefit, namely
the environmental benefit minus the subsidy expenditure, the government needs
to decide the amount of subsidies to be offered. Given the relationships between
different parties, we abstract the problem into a trilevel programming model that
consists of the government, port, and ship levels. Taking advantage of the behavior
rules of ship operators, we convert the bilevel (port level and ship level) problem
into an equivalent single-level problem. Then, with a enumeration algorithm, we
identify the optimal subsidy plan for the government. The proposed model and
solution method were validated by a series of numerical experiments with realistic
parameters.

Chapter 4 explores the LNG bunkering station deployment problem. Due to the
limited annual budget, the government cannot build LNG bunkering stations at all
ports in the area at a time. In practice, it will take several years to complete the
building of LNG bunkering system. Despite that the ports at which LNG bunker-
ing stations will be built are predetermined, the specific construction sequence are
flexible, as well as the construction situation in each period. Considering that ship
routes in the area have different port of calls, ship emission of each route also varies
with the construction sequence. Therefore, this chapter aims to identify the optimal
construction sequence that minimizes the total ship emission in the construction pe-
riod. A two-stage method is proposed to solve the problem. In the first stage, we
reduce the number of potential optimal solutions of each ship route, and in the sec-
ond stage, decision matrices are adopted to indicate the choice of shipping lines and
convert the bilevel problem into a single-level problem that can be solved by CPLEX
after linearization. Comparison between the results of the two-stage method and a
greedy algorithm shows the superiority of our method.

Keywords: Maritime transportation; Liner shipping; Multilevel programming; Gov-

ernment subsidy; Stochastic problem; Shore power; Liquefied natural gas (LNG)
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Chapter 1
Introduction

Shipping has been playing the role of the backbone of both international and domestic
trade. Although the annual growth rate of international maritime trade volume has
dropped from 2.8% in 2018 to 0.5% in 2019, the volume has reached 11.08 billion tons
in 2019 (UNCTAD 2020). On the other hand, traditional marine fuels are dirty and
contain high levels of impurities, such as sulfur and nitrogen. Combining the two facts
mentioned above, ship emissions have become a major social concern. According
to the Fourth International Maritime Organization (IMO) Greenhouse Gas Study
(Faber et al. 2020), the shipping industry is responsible for 15% of the nitrogen
oxides (NOx), 13% of the sulfur dioxide (SO;), and 2.7% of the carbon dioxide
(CO3) emitted through human activities. The numbers are even higher in coastal
areas. For example, ship emissions contribute heavily to air pollution in European
countries, being responsible for up to 24% of nitrogen dioxide (NO,) emissions in the
Netherlands and 30% of sulfate (SO3~) emissions in Italy (Viana et al. 2014). In the
Review of Maritime Transport 2019 (UNCTAD 2019), commissioned by the United
Nations, environmental concerns were recognized as a major issue in the maritime
industry for 2019-2024. According to the estimates of Sofiev et al. (2018), maritime
industry emissions, including SO,, COy, NOx, and particulate matter (PMy), are to
blame for at least 250,000 deaths and 6.4 million childhood asthma cases per year.
To reduce the air pollution caused by shipping emissions, stringent regulations

on the quality of bunker fuels have recently come into effect. Since January 1,
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2020, fuel oils used onboard have been required to contain no more than 0.5% of
sulfur in mass, according to ship emission regulations under the IMO’s International
Convention for the Prevention of Pollution from Ships (MARPOL) Annex VI, unless
emission reduction technologies capable of achieving an equivalent effect have been
applied. Quality restrictions on bunker fuels used by vessels in emission control areas
(ECAs) and inland river areas are even more stringent. At present, there are four
main ECAs around the world: the Baltic Sea area, the North Sea area, the North
American area and the United States Caribbean Sea area. In these ECAs ships have
to burn fuel with 0.1% or less sulfur from 1 January 2015 (International Maritime
Organization 2018). Besides, ships are required to use fuel with no more than 0.1%
sulfur in mass while berthing at ports within the European Union (European Union
2016). Moreover, according to the Law of the People’s Republic of China on the
Prevention and Control of Atmospheric Pollution (The National People’s Congress
of the People’s Republic of China 2018), ships that sail along China’s inland rivers
must use regular diesel oil available on the market, which contains no more than
0.005% sulfur; such oil is highly expensive.

In addition to lower-sulfur fuels, there are other approaches available for ship
operators to obey relevant regulations, including shore power that is used while
berthing, sulfur scrubbers that clean ship emissions before release, internal engine
modifications that control the production of NOx in the combustion process, and
alternative energy sources such as biofuels, wind and solar power, LNG and hydro-
gen fuels as bunker fuel (New South Wales Environment Protection Authority of
Australia 2015). Among all alternative methods, shore power and LNG as marine

fuel can obviously reduce ship emissions and are relatively common.

Y« Y«

Shore power, also known as “shore-side power,” “on-shore power supply,” “shore-
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to-ship power,” “alternative maritime power,” “cold-ironing,” and “high-voltage shore
connections (HVSC),” is the technology that allows ships to shut down their auxil-
iary engines and use the electricity provided by the port to power on-board machines.
This approach moves the power production from dirty onboard sources to greener and
more efficient large-scale power stations, and can therefore decrease ship emissions

and bring environmental benefits. According to New South Wales Environment Pro-



tection Authority of Australia (2015), shore power can reduce ship emissions while
berthing by up to 95%. In order to promote the use of shore power, governments
of various countries and areas have approved regulations to support the installation
of shore power facilities, including onboard facilities and onshore facilities. To be
specific, some of the governments provide subsidies to ports and ships in order to
cover part of the shore power system installation cost (The Government of Canada
2017, Ministry of Transport of the People’s Republic of China 2017, Shenzhen Trans-
portation Commission 2014, European Executive Agency for Competitiveness and
Innovation 2009). However, the price of shore power are not competitive compared
with the cost of using auxiliary engines, and the ship operator always choose the tra-
ditional way because its cheaper (Li 2019, European Commission 2019). Therefore,
efficient government subsidies that encourage ship operators to use the shore power
facility as much as possible are needed.

LNG is natural gas (predominantly methane with some admixture of ethane) that
has been cooled to —162°C and stored in liquid form for ease and safety during non-
pressurized storage or transport (Aneziris et al. 2020). LNG has been recognized as
the cleanest fossil energy for ship use on Earth. The products of the full combustion
of pure LNG are CO, and water (Hy0O). Compared with ships powered by traditional
bunker fuel oil, LNG-fueled ships generate much lower emissions. Studies have found
that LNG reduces SOx and PM by nearly 100%, NOx by up to 85-90%, and CO,
by 15-20% (Wang and Notteboom 2014, New South Wales Environment Protection
Authority of Australia 2015). Therefore, using LNG as bunker fuel can significantly
reduce ship emissions and alleviate air pollution problems. However, the application
of LNG-fueled ships are still quite limited. One of the main reasons is the lack of a
complete LNG bunkering system (Wang and Notteboom 2014, Acciaro 2014).

Currently, the construction of LNG bunkering system is hindered by the “chicken
and egg” problem faced by all alternative fuels (Lim and Kuby, Ko et al. 2017).
Today, at an early stage in the introduction of LNG as bunker fuel, many ship
operators refuse to retrofit their ships with LNG engines without adequate bunkering
stations. At the same time, insufficient LNG refueling demand leaves bunkering

stations idle, wasting the investment in building them. As the emission reductions



brought by the adoption of LNG-fueled ships would improve air conditions along
major shipping routes, governments have the motivation to provide subsidies to
resolve the “chicken and egg” problem and encourage the adoption of LNG as bunker
fuel.

Previous studies on the government subsidies used to encourage the adoption of
these two green technologies stop at qualitative or rough quantitative analysis. The
characteristics of different areas and ships sailing through them are not considered,
and the specific form and amount have not been investigated in deep yet. To fill the
gaps between academic research and the practical needs, this thesis investigates the
subsidy plan modeling and optimization for the promotion of shore power and LNG
as marine fuel in maritime transportation. In this thesis, we take the advantage
of characteristics of different areas and aim to find out the optimal subsidy plan
that can maximize the benefit or minimize the maritime emissions. Decisions of
different parties in the application of shore power and LNG as marine fuel, namely
port authorities, ship operators, and the government, are integrated.

This thesis consists of the following five parts:

(i) In Chapter 1, we introduce the background of the green technologies and issues
that hinders the extensive use of them.

(ii) In Chapter 2, we address the optimal subsidy design problem for the port to
encourage ships to use shore power while berthing with stochastic ship visits. Con-
sidering the characteristics of the port, a stochastic model was built to balance
trade-off between the environmental benefits and subsidy expenses. A tailored solu-
tion method that is based on SAA and binomial distribution was applied to refor-
mulated and make the model tractable without loss of generality. A great number of
numerical experiments validate the model and solution method we proposed. Useful
managerial insights are obtained from the sensitive analysis.

(iii) In Chapter 3, we consider that that the government provides subsidy for ports
and ship operators to stimulate the LNG bunkering station construction and ship
conversion. We propose a trilevel programming model that consists of the govern-
ment, port, and ship levels to maximize the government’s net profit. 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 ex-
periments with realistic parameters were conducted to show the significance of this
study.

(iv) In Chapter 4, we figure how to arrange the LNG bunkering station construction
works with a limit annual budget. A bilevel programming model with the objective
to minimize the total ship emission through the planning period is presented. Based
on the problem structure characteristics, a two-stage method is proposed to handle
the bilevel structure and linearize the model. Numerical experiments based on real
data were carried out to show the effectiveness of the model and bilevel method.
(v) In Chapter 5, we present main findings obtained from the three studies above

and discuss future research directions.



Chapter 2

Optimal Subsidy Design for Clean
Energy Usage in Berthing

Operations

2.1 Introduction

2.1.1 Background

A generic shore power system consists of three elements: the shore-side power supply
system, the shore-ship connecting system, and the ship-borne power receiving system
(Chen et al. 2019). Figure 2.1 shows the structure of a generic shore power system.
As we can see from the picture, the shore-side system receives electricity from the
power grid and transfer it to the ship-side facility through the shore-ship connecting
system that consists of cables joining the onshore power supply interface to the power
receiving interface onboard.

Both shore-side and ship-side facilities are indispensable to the successful appli-
cation of shore power. The willingness of ship operators to use shore power is the
critical factor that decides how much environment benefits can be achieved and one
of the barriers to the extensive use of shore power (Ballini and Bozzo 2015, Vaishnav

et al. 2016, Qi et al. 2020). However, for economic reasons, ships with an on-board
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Figure 2.1: A generic shore power system (Sciberras et al. 2015)

shore power system are not always willing to use it. In areas with regulations aiming
at reducing ship emissions at ports, for example the United Kingdom (Department
of Transport 2019) and California (California Air Resources Board 2020), the utiliza-
tion rate of shore power system is higher than that of areas without such regulations.
In those areas, many ship operators refuse to use shore power because it is expensive,
and as a result the emission reduction effect is not obvious. Economic subsidies are
promising methods to promote the shore power usage, and they have been used by
the government in other incentive programs under government policies (Zhuge et al.
2019, 2020). Hence, the introduction of subsidies that can make shore power more
economical and increase the usage rate of existing shore power facilities is a pressing
need (Ship Technology 2017, Chen et al. 2019, Radwan et al. 2019). At present, such
policies are implemented in various forms. The first form is the preferential shore
power price. This method is straightforward: it reduces the price of shore power and
hence makes it more economical than the traditional method of electricity generation
during the berthing period. Another measure is to subsidize ship operators for each
time they use shore power. In this chapter, we consider the environmental impact
as well as the economic gain and loss for ports in order to investigate the design
of specific shore power incentive policies, including the shore power price and the

subsidy amount.

—
Onboard
loads



2.1.2 Current Shore Power Subsidy Policies

For ports, the cost to provide shore power usually covers two parts: the electricity
cost charged by the power company and the equipment maintenance cost. Marine
diesel oil (MDO) is a low-sulfur fuel frequently used to abide by the 0.1% sulfur
content regulation, and the cost of using it can be regarded as a standard by which
to measure the cost-effectiveness of shore power for ship operators. As summarized
in Li (2019), for ports along the coastline of China, shore power is provided at the
rate of 1.2-1.4 CNY /kWh (approximately 0.17-0.2 USD/kWh), which is close to the
cost of generating power by consuming MDO, 1.24-1.84 CNY /kWh (approximately
0.17-0.26 USD/kWh). Nevertheless, the price is not very attractive, considering the
extra manpower and time for the cable connection and disconnection for ships to
adopt shore power (Li 2019). Therefore, multiple local governments in China have
established regulations to encourage the usage of shore power.

More specifically, ports in Shenzhen sell shore electricity to ships at the govern-
ment guided price closely related to the MDO bunkering price (Shenzhen Municipal
Committee of Communication 2019), which ensures that the cost of using shore power
is a fraction(50% in 2020) of the cost of using MDO while berthing. In addition,
for shipping companies that adopt shore power at more than 10% of their visits to
ports in Shenzhen, a subsidy (8002000 CNY, approximately 122-306 USD) will be
granted for each visit that uses shore power. In Shanghai, ships from companies that
have joined the Shanghai Port Green Convention and promised to use shore power
can enjoy the shore power service at a favorable price while visiting international
container terminals and cruise terminals. This favorable price is decided by the gov-
ernment and is positively related to the MDO marine fuel oil closing price at the end
of the month in Singapore’s Platts open market Shanghai Government (2019).

In the European Union, one of the main barriers to the promotion of shore power
is related to taxation policies. Ships berthing at ports in the European Union have
to pay taxes applied to electricity for shore power, while the electricity generated
by the auxiliary engines onboard is tax-exempt. This difference makes electricity

generation on-board cheaper than the shore power (European Commission 2019).



To remove this obstacle, some member states of the European Union, including
Sweden, Germany and Denmark, have decided to apply a reduced tax rate on shore
power for ships (Offshore Energy 2018). The reduction in tax rate lowers the cost of
using shore power and increases its competitiveness.

However, the application of policies, including the shore power price, the subsidy
amount, and the reduced tax rate, has not been covered by existing studies as an
optimization problem from the standpoint of a single port. Most of the existing
incentive policies are made by the government and all ports in the territory should
follow the same policies. Since the decision of whether to use shore power is made for
each ship visit, the operation situations of berthing ships are critical to the policy
decision. Meanwhile, each port has its own location and strategy, as a result the
distributions of berthing time and the emission volume of ship visits vary significantly.
Therefore, not all ports can maximize their benefits minus their costs by applying
such uniform policies. In this chapter we take the advantage of the historical data
of a port to approximate the frequency of future visits and customize the optimal
incentive policies for the port, namely the shore power price and subsidy amount for

each time the shore power is used.

2.1.3 Literature Review

From the perspective of a port, it is an optimization problem to determine its shore
power price, as well as the amount of subsidy to be provided. In order to obtain
the optimal incentive measures, the port needs to maximize a function equal to the
total benefits minus the costs, which can be calculated as environmental benefits plus
shore power selling revenues, minus extra electricity cost and subsidies given to ship
visits that use shore power. In existing studies focusing on the economic aspect of
shore power (McArthur and Osland 2013, Song 2014, Wang et al. 2015, Winkel et al.
2015, Innes and Monios 2018), ship visits’ berthing time, emission volumes, electricity
demands and other related information are assumed to be known. However, details of
coming visits are uncertain until the ship leaves, which involve stochastic parameters

such as berthing times and emission volumes. As for the value of these parameters of



visits, academic studies and technical reports usually make two types of assumptions.
One is to use the average value for all visits (Song 2014, Song and Li 2017, Wang
et al. 2015), the other is to divide ships into several categories of homogeneous
vessels (McArthur and Osland 2013, Winkel et al. 2016, Innes and Monios 2018,
Starcrest Consulting Group 2019) and use the same value for all vessels in the same
category. However, in practice the parameters of future visits may differ substantially
from those observed in the past. Therefore, the aforementioned assumptions about
parameter values of visits are not sufficiently accurate to approximate reality.

This chapter aims to fill this research gap and figure out how to make use of the
information of historical ship visits of the port to approximate the possible situations
of future visits and determine suitable shore power incentive policies. The main

contributions of this chapter are as follows:

e In this chapter, we take the uncertainty of visiting ships’ operation situations
into account. Unlike previous studies, we obtain the optimal subsidy amount
that can maximize the port’s net benefit, considering its characteristics.

e We develop a stochastic programming model to describe the problem. Then a
tailored solution method based on SAA method and binomial distribution is
proposed to convert the model and make it tractable.

e Extensive numerical experiments were conducted to demonstrate the necessity
of the study. Useful managerial insights were summarized from the numerical

experiment results and sensitive analysis.

The remainder of the chapter is organized as follows. Section 2.2 provides the
formal problem description and the mathematical model. Section 2.3 describes how
the stochastic model is converted into a small-scale mixed integer linear program.
Numerical experiments and results are presented in Section 2.4. The thesis closes

with conclusions in Section 2.5.
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2.2 Mathematical Model

In this section, we first provide a general model for the problem. This is followed by

a model based on historical data.

2.2.1 General Model

In this chapter we consider a port that has already installed shore power facilities
and provides shore power service to ships. Some of the ships that visit the port are
equipped with onboard shore power facilities, but not all of them use shore power
at the port. To encourage these ships to use shore power as much as possible, the
port has decided to provide shore power at an attractive price and a subsidy to
ship operators for each visit that uses shore power. Therefore, the port focuses on
determining the optimal shore power price and the subsidy amount. Because a ship
visits various ports on its route, the shore power price and subsidy at a single port
have little effect on the decision of the ship operator on whether to install onboard
shore power facilities or not. In other words, the shore power subsidy policy has little
effect on ships currently without shore power facilities. Therefore, this chapter only
considers ships with shore power facilities. In the following, “ships” refers to ships
that have onboard shore power facilities, and “ship visits” refers to visits made by
ships with shore power facilities.

Considering that the trade volume and the port throughput are seasonal, we
work with a one-year planning horizon. A port with a set V of ship visits in a year
has to determine the subsidy amount s and the shore power price p. In order to
obtain an optimal decision, the port needs to balance the environmental benefits of
emission reduction, the revenue of selling electricity to ships, the cost of electricity
purchasing, and the subsidy for visits using shore power. The port obtains B USD
of environmental benefits per ton of emissions reduction. At the same time, it costs
the port C'r USD per kWh to purchase the electricity consumed by ship visits as
shore power.

Because some details of a ship visit are uncertain before departure from the port,

they are represented by a series of random parameters. The i*" visit consumes E;
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kWh electricity, ¢ € V. There are two options for the ship operator. One is to use
auxiliary engines onboard to generate electricity, in which case Qf tons of MDO
will be used to generate one kWh of electricity, and Qf x E; tons of MDO will be
consumed during the berthing period. As a result, the visit will emit Q; tons of
exhaust gases in total. The other option is to connect to the shore power system
and use electricity provided by the port. The decision of the i visit whether to
use shore power is denoted by a binary decision variable x;. From the perspective of
ship visits, besides the cost of shore power fee, there is also a disutility to use shore
power due to the extra manpower and time needed for the cable connection and
disconnection. Since the proficiency of crew members needed related to shore power
usage varies from one visit to the next, the i*" visit chooses to use shore power only
when the benefits of doing so is at least equal to the disutility D;. In this section,
we develop a mathematical model [M 1] to describe the stochastic problem. First we
present the list of notations that will be used before giving the model.

Deterministic parameters

V the set of ship visits, V = {1,...,[V|}, in which i represents the i*" ship
visit;
B the average environmental benefit of emissions reduction (USD/ton),

equal to the economic value of emissions’ environmental pollution;

Pr the price of MDO (USD/ton);

Cg the cost of providing electricity to ships (USD/kWh), equal to the elec-
tricity generating cost;

a, B confidence parameters in chance constraint, which are determined by the
port and represent the port’s requirement on the ratio of the ship visits

that use shore power;

M a large positive number.
Random parameters
Q: the emission volume of the ™ ship visit when MDO is used during
berthing (ton);
E; the electricity demand of the i ship visit while berthing (kWh);
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Qf the MDO volume that is consumed during the i*" ship visit to generate
one kWh of electricity (ton/kWh);

D, the disutility brought by the shore power usage (USD) for the i® ship
visit.
Decision variables
x; binary variable, equal to 1 when the " ship visit uses shore power, 0
otherwise;
s the subsidy for each ship visit that uses shore power (USD);
P the price of shore power (USD/kWh).

In the following model [M 1] we optimize the subsidy policy that consists of two
parts: one is the subsidy awarded for each visit that uses shore power, and the other
is the shore power price that is attractive to ship operators. Since the purpose is
to stimulate ship operators to use their shore power facilities as much as possible,
it is reasonable to set the price according to the cost incurred to generate power
using MDO, like some existing policies do. However, the MDO volume required to
generate one kWh of electricity varies from ship to ship. Meanwhile the shore power
should be provided to all ship visits at the same price. Therefore, in [M1] the shore
power price is a decision variable but there is no fixed ratio of the shore power usage
cost to the MDO cost. As the shore power utilization will lead to some disutility,
for example the extra connection and disconnection processes, it is assumed that
ship operators will put their shore power facilities to use when the economic benefit

exceeds the disutility. Here we present the stochastic model [M1]:

[M1] maximize Z =E {Z [QZB + Ei(p— Cg) — s] xz} (2.1)
eV
subject to
{( xz/M) 1_a}>1_ﬁ 2
(1%
E(QFPr—p)+s—D; — Mz; <0, VieV (2.3)
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D — E;(QFPr —p) —s — M1 —2;) <0, VieV (2.4)
r;=0,1, Vi€V (2.5)

5>0 (2.6)

p=0. (2.7)

The objective function (2.1) maximizes the expected value of the profit from all
ship visits, which equals the revenue minus the cost. Constraint (2.2) is a chance
constraint which means that with a probability at least equal to 1 — 3, no less than a
proportion 1 — « of visits will chose to use shore power. Constraints (2.3) and (2.4)
guarantee that ship visits only use shore power when the profit of using it exceeds
the disutility. Constraints (2.5)—(2.7) define the domains of the variables.

One of the main challenges in solving [M1] is that, in practice, the exact distri-
butions of the parameters are unknown. Therefore, we use distributions summarized
from existing ship visit data as surrogates for the actual unknown distribution of

parameters.

2.2.2 Model Based on Historical Data

To obtain empirical distributions of the random parameters, the port collects data
from a set of existing visits denoted by V'. The known parameters associated with
ship visits in V', indexed by [, are listed below:

Notations for historical visits

2 the set of existing visits;

Q) the emission volume when MDO is used during berthing (ton) of the !
existing visit;

E; the electricity demand while berthing (kWh/visit) of the I*" existing visit;

Q' f the MDO volume consumed to generate one kWh of electricity
(ton/kWh) of the I*® existing visit.

D, the disutility brought by the shore power usage (USD) for the I*® existing

visit.
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We apply the SAA method and consider each existing visit [ as a set of possi-
ble values of random parameters in a future visit, which means that the random
parameters in each future visit will be identical to one set of possible values, and
all sets of values have the same probability. Then, the empirical distribution of the
random parameters can be described as Pr ((QZ, E;, ~f, Dz> = (Qg, E], Q’IF, DZ)) =
/W, VleV.

We further assume that for different ship visits i, 2 € V, the parameters (QZ, E;, QF

10
f)z) have independent and identical distribution. As a result, there are ‘V/{M dif-
ferent scenarios for the parameters of all ship visits in the next year. We build [M2]
to maximize the expected value of the total port profit from future ship visits with

constraints on the shore power usage ratio. Here we list new notations that will be

used:
Parameters of scenarios
Q the set of possible scenarios of parameters of all ship visits in the next
_ a14n
year, Q_l,...,|V ;
Qij the emission volume of the i ship visit when MDO is used during

berthing in the j*® scenario (ton), Vi € V,Vj € Q;

Ei; the electricity demand of the i*® ship visit while berthing in the j** sce-
nario (kWh), Vi € V,Vj € Q;

Qf; the MDO volume that is consumed to generate one kWh of electricity of
the #*® ship visit in the j* scenario (ton/kWh), Vi € V,Vj € Q;

lA)ij the disutility brought by the shore power usage (USD) for the the ith

ship visit in the j* scenario, Vi € V,Vj € €.
Decision variables
Tij binary variable, equal to 1 when the i*® ship visit adopts shore power in

the j*" scenario, 0 otherwise, Vi € V,Vj € ;

Uj binary variable, equal to 1 when the proportion of ship visits that use

shore power in the ;" scenario is no less than 1 — «a, 0 otherwise, Vj € Q.
Adopting empirical distributions, we convert [M1] into the following model:
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[M2] maximize Z = Z Z [Q”B + Ey(p— Cp) — 3] Tij (2.8)
€ iev

subject to

Zyg/IQI > 1= (2.9)

JEQ
D iy = VI(1—a) < Mg, VjeQ (2.10)
%
VI(L—a) =) ;< M1—g;), Vjen (2.11)
%
E;(QEPr —p) +s— Dy — Miy; <0, VieV,VjeQ (2.12

Dy — Ej(QEPp —p) —s — M(1—3;) <0, Vie V,Vj€Q (

o
—_

)
3)
3 =01, VieV,Vj€Q (2.14)

9; =0,1, Vje. (2.15)

The objective function (2.8) maximizes the expected value of profit from all
ship visits in the next year. Constraint (2.9) guarantees that in all scenarios, at
least (1 — ) |€2| scenarios have at least (1 — ) |V| visits using shore power. Con-
straints (2.10) and (2.11) state the relationship between the ¢; and ;; variables.
Constraints (2.12) and (2.13) mean that in any scenario, a ship visit will adopt shore
power only when the benefit of doing it exceeds the disutility. Constraints (2.14)
and (2.15) define the domains of y; and Z;;.

Because the random variables in [M1] are replaced by a series possible scenarios
in [M2], there exist some differences between the constraints of the two models. For

the constraints on the number of ship visits using shore power, in [M1] the lower
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limit of the probability that each ship visit adopts shore power with probability at
least equal to 1 —« is defined by constraint (2.2). However, in [M2] constraints (2.9)—
(2.11) set the ratio of scenarios under which no fewer than |V| (1 — «) visits use shore
power to be at least equal to 1 — 3. The other difference is the ship visits’ decision
on shore power usage. In [M2], the decision of each ship visit under each scenario is
described by constraints (2.14) and (2.15).

To solve [M2] exactly, we would have to enumerate all possible scenarios of the
future visits. When |V| = 1000 and |V'| = 100 there are 100" scenarios in total,
which is impossible to enumerate. Therefore, we need to devise another method to

solve the problem.

2.3 Model Reformulation

In this section, we develop a tailored solution method to address the intractable
model [M2]. We first use a binomial distribution to handle the constraints on the
expected number of ship visits that use shore power, thus converting the model into
a mixed integer nonlinear program, which is then linearized to be a mixed integer

linear program that can be solved by an off-the-shelf solver CPLEX.

2.3.1 Model Conversion

The main difficulty in solving [M2] is the very large number of possible scenarios,
which makes the problem computationally intractable. In order to make the problem
tractable, we reduce the problem scale without loss of generality. As mentioned, the
total number of future visits that use shore power depends on the existing data set.
Specifically, given p and s, we denote the number of visits in V' that use shore power
as k, and the probability of a future visit to use shore power is calculated as k/|V'|.
We introduce an intermediate decision variable x; to denote the decision of visits
with different sets of values to use shore power or not.

Intermediate decision variable
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x) binary decision variable, equal to 1 when the visit with the [** set of

values adopts shore power, 0 otherwise.
Then we have

k=) (2.16)

From constraint (2.16) we can see that k is closely related to the variables z;, which
depend on the decision variables p and s. Therefore, k is a function of p and s. For
all future visits, we denote the number of visits that use shore power as K. For
each coming visit, it will adopt shore power with probability k/[V’| because k out of
V' value sets will lead the visit to use shore power. Hence, the random variable K,
which equals the sum of |V| identically and independently distributed binary random
variables, is a binomial random variable: K ~ B (|V|,k/|V'|). Constraint (2.9) sets
the lower limit of the proportion of scenarios in which more than [V| (1 — «) coming
visits will use shore power. In constraints (2.10) and (2.11), the variable y; indicates
whether the j* scenario has enough visits using shore power or not. Introducing
the intermediate decision variable xj, we can use K to represent the number of
coming visits that will use shore power, and g; become unnecessary. Therefore,
constraints (2.9) to (2.11) can be replaced by constraint (2.16) and

VI

> ( |1;| ) (k/IV'D" 1 = R/ > 1 - 8. (2.17)

u=[(1=a)|V]

We use [(1 — «)|V|] as the lower bound of the summation in constraint (2.17)
because (1 — «) [V| could be fractional. As shown in constraint (2.17), the left-hand
side is strictly monotonically increasing in k. Therefore, we denote the minimal
value of k that satisfies constraint (2.17) as k., which can be obtained by applying
a dichotomous search method. Before presenting the logic of this method, we define

V|
f= Y ( VI ) B/IVD I (kY — (1 ).

u=[(A—)V[] \| U
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Algorithm 1 Dichotomous method for k,,;,

Input: intermediate variable ky, kg, kpr, term.  //kr, kr are the lower and upper limits of kmin,
kar is the arithmetic mean of k1 and kg, term is a binary variable that works as the termination
condition of the algorithm.

Output: kpin

1: Initialization: initial variables k;, = 0, kg = |[V'|, term = 0, initial solution kj,;, = 0.
2: while term =0 do
3: if f(kL)f<kR) < 0 then
4: ky = |_(k’L+k’R)/2—|
5: if kR = k‘M then
6: kmin = kR
7 term =1
8: else
9: if f(kp) =0 then
10: kmin = Ky
11: term =1
12: else if f(kpr) > 0 then
13: kR = k]w
14: else if f(ky) <0 then
15: k‘L = k‘M
16: end if
17: end if
18: end if

19: end while
20: return k,,;,
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In Algorithm 1, we have f(0) < 0 and f(|V]) > 0. Keeping f(kr) > 0 and f (kL) < 0,
we can iteratively update the values of k; and kg by checking the value of f(ky/)
until the minimum value of kg that makes f(kg) > 0 is found. We will prove the

following property.

Proposition 2.1. All values of k that satisfy constraint (2.17) can be enumerated
as: kmin; kmm + ]_, kmzn + 2,..., |V/| — ]., |V/|

Proof. The smallest value of k that satisfies constraint (2.17) is kpn because for k =
0,1, ..., kmin— 1 we have f(k) <0, and constraint (2.17) is not satisfied. Considering
that the left-hand side of constraint (2.17) is strictly monotonically increasing in k,
for k = kmin + 1, kmin + 2, ..., |V'| we have f(k) > f(kmin) > 0, and constraint (2.17)
15 satisfied.

Then constraint (2.17) can be replaced with

In the objective function in [M2], the two sum calculations can be swapped:

maximize Z = Z Z ﬁ [QUB + Eij(p —Cg) — s} Tij. (2.19)

i€V jeQ

For each ship visit, there are |Q2]/[V'| out of |§2| scenarios in which the values of
parameters are identical to the [*! value set, [ € V'. Therefore, the profit expectation
that the port can get from the i'" coming visit, ZQ ﬁ [@Z»JB + Eij (p—Cg) — s} Zij,

je

can be rewritten as ) %ﬁ [Q;B + E|(p — Cg) — s]z;. Then the objective func-
1ev

tion (2.19) can be rewritten as

. 1
maximize Z = Z Z V] QB+ E(p — Cg) — s] . (2.20)
i€V leV
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As shown in objective function (2.20), [@;B + E/(p — Cg) — s] x} is not related to
i, namely > ﬁ [Q;B + E|(p — Cg) — s]z; equals the same value for different i.
v

Therefore, objective function (2.20) can be rewritten as

4
V|

maximize Z =

> QB+ Ej(p—Cg) — 5], (2.21)
eV’

In conclusion, the problem now becomes that of searching for a solution that
maximizes the total profit of the port by providing shore power to ship visits with
existing value sets, with the constraint that at least k,,;, visits with existing value

sets choose to use shore power while berthing, as shown in [M3]:

o V
[M3] maximize Z = ||V_’|\Z QB+ E| (p—Cg)— s]x (2.22)
ley’
subject to
ENQ Pr—p)+s—D,— Mz, <0, VIV (2.23)
D, —E(Q"Pr—p)—s—M(1—2})<0, VleV' (2.24)
2 =0,1, VeV (2.25)

(2.6), (2.7), (2.16), (2.18).

The model [M3] is a mixed integer nonlinear program whose size is much smaller
than that of [M2].

We denote by p* and s* the optimal solution of [M3]. We assume that at least one
historical visit | satisfies E}(Q;" Pr — p*) + s* — D} > 0 because otherwise no subsidy
program is needed. We also assume that at least one of p* and s* is strictly greater
than 0, because otherwise the problem becomes trivial as the port does not need to

provide any incentives. After analyzing [M3], we establish the property following:
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Proposition 2.2. For any set of historical ship visits V', at least one visit | satisfies
ENQ)F Pp —p*) + s* — D) = 0.

Proof. Suppose that Ej( ;FPF —p*)+s*—=D;#0, VYl € V'. The objective function

of [M3] can be rewritten as

ml

maximize Z =

ley’

As shown in (2.26), the objective function consists of four parts, namely the
environmental benefits of emissions reduction, the revenue of selling power to ships,
minus the cost of power generation, and the subsidy for each visit using shore power.
First we define V* as the set of ship visits that adopt shore power under the optimal
solution s*,p*, that is V* = {l € V'|E}(Q} Pr — p*) + s* — D, > 0}.

We construct another solution denoted by s ,p  as follows: s = s* and p. =
min{ (Dl —s*) JEll e V*}. Note that we have p > p* > 0. With the new
solution, all ship visits stick to their decisions to adopt shore power. Therefore, the
environmental benefits, the cost of generating shore power and the subsidy amount do
not change. At the same time, the total revenue from selling shore power increases by

an amount equal to El’(ﬁ* — p*). Owverall, the objective function value increases,
lev*
which contradicts with the assumption that s*, p* is an optimal solution. Therefore,

we must have at least one visit | € V' that makes E)(Q)" Pp — p*) + s* — D} = 0.

Based on Property 2.2, when the shore power price p (subsidy s) is predetermined
as ppre (Spre), we can enumerate all possible optimal solutions { (pyre, 51)| E'1(Q}" Pr—
Ppre)+ 51— D) = 0,Y1 € V'} ({(p1, $pre)|E"(Q,F Pp—p))+Spre— D} = 0,¥1 € V'}) and
the objective function value of each solution, denoted by Z7 (Z]). After comparing
ZpNLe V' (Z7,¥l € V'), we can obtain the optimal objective function value and the

corresponding optimal solution.
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2.3.2 Model Linearization

The objective function of [M3] contains the product of decision variables, namely
(Q;B + E] (p — Cg) — s]xj. Therefore, we linearize [M3] by introducing a series of
parameters and decision variables before solving it.
Parameter

M the parameter that is large enough, equal to 2(Q;B + 2E/Cg).

Decision variable
2 the overall profit the port obtains from a ship visit with the values of the

[™ set, equal to QB + E (p — Cg) — s when the visit uses shore power,

0 otherwise.
Then the objective function is converted to

- v
[M3] maximize Z = |’V"| Z 2 (2.27)
lev’

with two sets of constraints added:

S~ M{(1—a}) ~ [QB+ E{ (p— Cp) —s] <0, VIV (2.28)

2 — Mx; <0, VieV. (2.29)

The value of M in constraints (2.28) and (2.29) is a sufficiently large number. For
any z], [ € V', when z} = 0, namely the ship visit with the I'! set of values does not
adopt shore power, constraint (2.28) for [ is slack, and constraint (2.29) is equivalent
to z; < 0. Because the objective function is to find the maximum value, we have
z; = 0. Similarly, when z; = 1, namely the ship visit does adopt shore power in
the "™ scenario, constraint (2.29) for [ is slack, and constraint (2.28) is equal to
7 =QB+E(p—Cg)—s.

After the linearization, we obtain a mixed integer linear program with |V'| + 2

decision variables, which can be solved by a generic solver such as CPLEX.
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2.4 Numerical Experiments

To validate the model, we conducted multiple numerical experiments with different
values of crucial parameters, including «, 8, B, Cg, and Pr. CPLEX 12.10 was
used to solve the model. Sensitive analyses were carried out to show the influence of

different parameters on the optimal objective value.

2.4.1 Parameter Settings

The parameters were determined on the basis of existing studies and reports. We
assumed that the following numerical experiments have 10,000 future ship visits
in the next year but only 100 different possible sets of values for random param-
eters. In this subsection we show how we collected and prepared the parameters
and data. Here we give parameters other than the possible value sets of random
variables. First, for the average environmental benefit of emission reduction (B), we
benefit from existing studies that have researched the social cost factor of emissions
from shipping to estimate a general value. According to Nunes et al. (2019) and
Song (2014), the social cost factor of different emissions, namely NOx, SOq, PMj 5,
and CO., are 6,282 USD/ton, 11,123 USD/ton, 61,179 USD /ton, and 33 USD/ton,
respectively. From multiple reports that investigate ship emissions (European Com-
mission 2002, Cooper and Gustafsson 2004, International Maritime Organization
2012, Ng et al. 2016, Smith et al. 2014), we know that exhaust gases from berthing
ships contain approximately 2% of NOx, 0.3% of SO, 0.04% of PMs5, and 97.66%
of COy. Therefore, the overall average environmental benefit of emission reduction
(B) equals 216 USD/ton. Considering that the social costs vary widely base on the
port location, sensitive analysis on B will be conducted. Referring to the market
price, we set the price of MDO at 400 USD/ton (Pr = 400 USD/ton). According to
Sascha (2017), it costs around 0.18 USD for the power station to generate one kWh
of power (Cgp = 0.18 USD/kWh), using hard coal as the fuel. For the confidence
parameters in chance constraints, we set o« = 0.05 and 5 = 0.1.

To validate the model and the algorithm, we constructed two groups of possible

value sets, one including 100 sets and the other including 1000 sets, based on the
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data from the technical report prepared by Starcrest Consulting Group (2019) for
the Port of Los Angeles. The ships use their auxiliary engines to generate power by
consuming MDO while berthing. We assume that 217 grams of MDO are required
for one kWh of power (Cooper and Gustafsson 2004). In other words, we have
Q7 = 2.17 x 107* ton/kWh (VI € V). The emission volume (Q}) and electricity
demand (E]) of the I*™ historical visit are related to the vessel type, ship capacity
and berthing time (Starcrest Consulting Group 2019). Winkel et al. (2015) state
that shore power is the most popular among cruise ships, container ships, tankers,
reefers, and RORO ships (cargo ships and ferries). In this chapter, we generate a set
of historical ship visits on the basis of the ship visit record of the Port of Los Angeles
in 2018 (Starcrest Consulting Group 2019) because it is one of the ports with the
most developed shore power system (more recent records are not available). In the
report, the ship visit data are sorted by vessel type and capacity level, including
the power requirement and the berthing time information (minimal, maximal and
average values). In this chapter, five different ship types are considered as potential
shore power consumers, and we further assume that in each category the number of
visits that are equipped with shore power system is proportional to the total number
of visits. We generated two groups of possible values for random variables, one with
100 sets and the other with 1000 sets, the number of value sets with each vessel type
and each capacity level is proportional to ship visit data from Starcrest Consulting
Group (2019), and the electricity demands of visits in each capacity level in the report
are also used. Within each capacity level, we generate a series of berthing times that
satisfy the minimal, maximal and average values. Considering European Commission
(2002), Cooper and Gustafsson (2004), International Maritime Organization (2012),
Ng et al. (2016), Smith et al. (2014), we determined that the vessel emits 712.1 grams
of exhaust gases to generate one kWh of electricity while berthing for all visits. Then
through simple calculations, we obtain @)} and Ej, I € V'. The disutility brought by
the shore power usage is hard to quantify, and there are no existing papers that focus

on this problem, so we generated Dj randomly between 50 to 200 USD.
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2.4.2 Results and Sensitive Analysis

Computational experiments were conducted on a LENOVO XiaoXinPro-13IML 2019
laptop with i7-10710U CPU, 1.10 GHz processing speed and 16 GB of memory. The
model and the algorithm were implemented in C++ programming. The mixed inte-
ger linear model [M3] was solved by CPLEX 12.10, and all numerical experiments
with 100 value sets were completed within a few seconds, and the numerical ex-
periment with 1000 value sets was completed within 11.5 seconds. We conducted
sensitive analysis with the group of possible values with 100 sets, and the details are
stated in the following.

We conducted the numerical experiment N1 with the data collected and the
result shows that the optimal solution is sj = 200.06 USD, pj = 0.087 USD/kWh,

and the port will gain Z7 = 39,398,700 USD in a year for providing shore power
1

service to ships. In this numerical experiment, k. in constraint (2.18) equals 96
and visits with all possible value sets will opt to use shore power with such shore
power price and subsidy amount. We also conducted other numerical experiments
with the same parameters, namely N2 that the port provides only the favorable
shore power price (s = 0, p > 0), N3 that the port gives only subsidy to visits
that use shore power (s > 0, p = Cg), and N4 that the port provides no incentive
policies (s = 0, p = Cg). In addition, the constraint (2.18) on the number of
historical visits that use shore power was also removed from N2, N3, and N4. The
results of all four numerical experiments are listed in Table 2.1, in which we use the
9q = (Z;Ik — Zi“) /Zi“ x 100%,q = 2,3,4 to represent the gap between the optimal
solution value of N2, N3, N4 and the optimal solution value of N1.

From Table 2.1 we can see that the incentive policies have an obvious influence
on the port side shore power facilities” usage ratio. With both the favorable shore
power price and subsidy for visits that use shore power, visits with all possible value
sets choose to use shore power and the port can earn 39,398,700 USD by providing
shore power to ships. Meanwhile, the port can earn 35,902,000 USD, 982,141 USD,
and 0 USD with only the favorable shore power price, only the subsidy, and no

incentive policy applied, respectively. These numbers demonstrate the necessity of
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Table 2.1: Results of N1, N2, N3, and N4

N1 N2 N3 N4

sy (USD) 200.09 N/A 2,735.75 N/A

p; (USD/kWh) 0.087 0.08 N/A N/A
kg (visit) 100 84 31 0
Zy (USD) 39,398, 700 35,902, 000 982,141 0

Incentive policy  Favorable shore power price, subsidy  Favorable shore power price  Subsidy None

Remarks N/A s=0 p=Cg s=0,p=Cg
9q N/A 8.9% 97.5% 100%

the incentive policies and the relevance of our problem.

In [M?2], constraints (2.9)—(2.11) reflect the port’s expectation of the percentage
of ship visits that use shore power. To better understand how this expectation
influences the optimal solution, we calculated the value of k,,;, with different values
of a and . And Table 2.2 shows that the value of k,,;, is closely related to the value
of a. For a numerical experiment (/V), we denote the optimal value of Z by Z*; for the
numerical experiment with the same parameters but without constraints (2.9)—(2.11)
(N"), which means that the port focus on the maximization of the total profit and
does not care about the shore power usage rate, we denote the optimal value of Z and
k as Z; and kj. When the value of k,,,;, in N1 is higher than £§, the optimal objective
value Z* is most likely to be lower than Zj, and sometimes Z* can be negative. For
example, for a port with B = 150 USD, Cr = 0.18 USD/kWh and when the price
of MDO Pr = 350 USD/ton, the optimal solution value without constraints (2.9)—
(2.11) is Z* = 655,922 USD with s* = 62.25 USD, p* = 0.075 USD/kWh, and
k* = 47. When o > 0.6 (kyin < 41), the optimal solution remains unchanged, and
when a < 0.6, namely £ > 50, there will be a negative correlation between Z* and a.
With a = 0.2, 0.1 < 8 < 0.4 the port can still earn 295,924 USD, but the optimal
profit becomes negative (Z* = —26,822.9 USD ) when a = 0.05 and 0.1 < g < 0.4.
Therefore, ports should evaluate the environmental benefits B of emission reduction
and the electricity purchasing price C'g to determine the expected proportion of ship
visits that use shore power. An unrealistic high expected value may yield a negative
profit, which is undesirable.

The environmental benefits B and the electricity cost C'g differ from port to
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Table 2.2: k,,;, with different values of o and 3

3 @
0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.1-0.4 96 91 81 71 61 51 41 31 21 11
0.5-0.9 95 90 80 70 60 50 40 30 20 10

port, and the MDO price Pr also fluctuates, so we conducted sensitive analysis to
understand how these parameters affect the optimal solution. A series of numerical
experiments with different parameters, as shown in Table 2.3, were conducted to

demonstrate the influence of these parameters on the optimal profit (Z*).

Table 2.3: Ranges of parameter values

Parameter Range of values
B (USD/ton) 150, 180, 210, 216, 240
Cg (USD/kWh) 0.05,0.1,0.15,0.18,0.2
Pr (USD/ton) 200, 250, 300, 350, 400, 450, 500
Kmin 10, 11, 20, 21, 30, 31, 40, 41, 50, 51, 60, 61, 70, 71, 80, 81, 90, 91, 95, 96

Specifically, 3,500 (= 5 x 5 x 7 x 20) numerical experiments were conducted.
Because it would be tedious to list results of all numerical experiments, we selected
two groups of them to show the correlations between the parameters and the objective
value. In group 1, denoted by [G1], the experiments are conducted with the base
case values B = 150 USD, Cgr = 0.18 USD/kWh, and Pp = 350 USD/ton. The
optimal solution value of the basic numerical experiment without constraints (2.9)-
(2.11) is Z* = 655,922 USD with s* = 62.25 USD, p* = 0.075 USD/kWh, and
k* = 47. In group 2, denoted by [G2], the experiments are conducted with the base
case values B = 210 USD, Cg = 0.2 USD/kWh, and Pr = 250 USD/ton. The
optimal solution value of the basic numerical experiment without constraints (2.9)
to (2.11) is Z* = 1,153,180 USD with s* = 61.52 USD, p* = 0.053 USD/kWh,
and k* = 46. For both basic numerical experiments, we changed one parameter at
a time and observed the variation of the objective value. In Figure 2.2(a) we only
show the results for k,,;, > 50 because the value of £* in two numerical experiments
was 46 and 47. Figure 2.2(a) shows that Z* decreases with the value of k,;,, which
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is understandable because a higher value of k,,;,, means a stricter constraint on k.
Figure 2.2(b) shows that there is a positive correlation between Z* and Pp. The
reason is that for a higher Pp, ship visits will be willing to adopt shore power at a
higher price p, which leads to a higher shore power selling revenue as well as a higher
total profit Z*. Meanwhile, Z* decreases with C'g because the electricity cost of the
port goes up with Cr. The correlation is shown in Figure 2.2(c). Lastly, the port
tends to earn more with a higher value of B, and this result is also intuitive because

B has a positive influence on the environmental benefits for the port.
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Figure 2.2: Sensitivity analysis of the parameters

We also found that in some numerical experiments, such as the instance with
B = 150 USD/ton, Cr = 0.18 USD/kWh, and Pr = 250 USD/ton, an optimal
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objective value Z* = 0 was obtained without constraints (2.9)—(2.11). This means
that the port cannot gain through the shore power project; also with an expectation
of positive shore power usage rate the port will suffer a loss. One of the approaches
to reducing emissions from berthing ships and avoiding loss is to lower the electricity
price Cg. The port authority could request a government subsidy on the electricity
price (Dai et al. 2019). When the electricity is reduced to 0.15 USD/kWh, as the
numerical experiment shows, the port could earn 5,574,730 USD and 99% of the

historical ship visits will choose to use shore power and reduce ship emissions.

2.5 Conclusions

Shore power is a practical method for the reduction of ship emissions at berth.
However, the existing shore power systems are not frequently used by ships because
they are not economical in some scenarios. In order to encourage ships to use their
shore power facilities onboard, governments of various countries and regions have
implemented incentive policies. In this chapter, we have investigated the problem of
shore power incentive policies design, including the shore power price and subsidy
amount determination, which has not yet been studied as an optimization problem
from the standpoint of a single port. Considering the characteristics of ports, such
as the environmental benefits of emission reduction, the electricity price, and the
historical data of ship visits, a stochastic model was built to describe the problem.
The SAA was applied to the original model. We took the advantage of the existing
data of ship visits to make an approximation of the visits in the coming year, which
is a closer estimate than that of existing relevant studies. At the same time, binomial
distribution was adopted to handle the chance constraint. However, the great number
of scenarios of ship visits in a year makes the model computationally intractable.
Then, without the loss of generality, we reformulated the model and made the model
tractable so that it could be solved by CPLEX.

A large number of numerical experiments with different parameters were con-
ducted to validate the model. Using a comparison based on results obtained when

both a favorable shore power price and subsidy are applied, only one of them, and
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no incentives at all, we have demonstrated that a favorable shore power price and
subsidy for visits that use shore power are effective in encouraging ship visits to use
shore power and hence reducing ship emissions while berthing. Sensitive analysis
has shown that the total profit of the port increases with the environmental benefits
of one tonnage of emission reduction and with MDO price; it decreases with the
expected number of value sets with which visits would use shore power and with
the electricity purchasing price. Our results also suggest that an unreasonably high
requirement on shore power usage rate can lead to a negative total profit, so the port
should take this fact into consideration when setting the shore power usage ratio re-
quirements. In addition, for ports that cannot benefit from shore power when there
is no requirements on usage ratio, government subsidies on electricity price could

help encourage shore power usage and reduce ship emissions at berth.
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Chapter 3

Government Subsidy Plan
Modeling and Optimization for
Liquefied Natural Gas as Fuel for

Maritime Transportation

3.1 Introduction

3.1.1 Background

The shipping industry plays an important role in international trade, as it is respon-
sible for transporting approximately 90% of the global cargo volume (International
Maritime Organization 2019). With the continuous development of maritime trans-
portation, ship emissions, as the by product of that, become a major issue in the
maritime industry for 2021-2024 (UNCTAD 2019). Multiple methods haves been
developed to alleviate the problem of ship emissions, including low sulfur fuels, sul-
fur scrubbers, internal engine modifications, and alternative energy sources such as
biofuels, wind and solar power, LNG and hydrogen fuels as bunker fuel. LNG is an

excellent choice for alternative marine fuels because of its low emission level (nearly
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no SOx and PM, 10%-15% of NOx, and 80%-85% of COy compared to MDO) and
high calorific value (13.7 MWh/ton, compared to MDO’s 11.6 MWh/ton) (Wang and
Notteboom 2014, New South Wales Environment Protection Authority of Australia
2015).

In addition, LNG can lower the operating costs of ships, which encourages ship op-
erators to invest in LNG-fueled ships. LNG is priced more competitively than MDO
and marine gas oil (MGO), which are usually adopted by ships to satisfy regulations
concerning the sulfur content of marine fuels (International Maritime Organization
2020). According to a study conducted by the IMO (International Maritime Organi-
zation 2016), the bunkering price of MDO/MGO is about 25USD/mmBTU?!, while
the bunkering price of LNG is about 15.5USD/mmBTU. Apart from the bunkering
cost, the adoption of LNG as marine fuel can also reduce a ship’s maintenance cost,
because LNG-fueled engines and related equipment require less maintenance and
have a longer service life than traditional ship engines (Oxford Institute for Energy
Studies 2018). Given these benefits, several attempts have been made to develop
and use LNG-fueled ships. For example, the CMA CGM Group, a world leader in
transport and logistics that is committed to energy transition, planned to have 22
LNG fueled container ships in its fleet by 2022. Twelve have been delivered so far,
including the world’s first 23,000 TEU container ship powered by LNG (CMA CGM
Group 2020). However, much remains to be done in terms of developing LNG-fueled
ships, and multiple factors still hinder the adoption of LNG as bunker fuel, including
the high cost of LNG engines, the extra space required for LNG fuel tank, potential
gas leakages and the absence of a complete LNG bunkering infrastructure (Wang and
Notteboom 2014, Acciaro 2014). Due to the limited capacity of LNG fuel tanks, a
complete bunkering system is necessary for LNG fueled ships.

However, the construction of LNG bunkering stations is hindered by the “chicken
and egg” problem faced by all alternative fuels (Lim and Kuby, Ko et al. 2017).
Today, at an early stage in the introduction of LNG as bunker fuel, many ship

31BTU is the abbreviation of “British thermal unit”, which is the amount of heat needed to raise
the temperature of one pound of water by one degree Fahrenheit. The abbreviation mmBTU means
one million BTUs.
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operators refuse to retrofit their ships with LNG engines without adequate bunkering
stations. At the same time, insufficient LNG refueling demand leaves bunkering
stations idle, wasting the investment in building them. As the emission reductions
brought by the adoption of LNG-fueled ships would improve air conditions along
major shipping routes, governments have the motivation to provide subsidies to
resolve the “chicken and egg” problem and encourage the adoption of LNG as bunker
fuel. Therefore, in this chapter, we focus on how government subsidies can help
popularize the adoption of LNG as bunker fuel and identify the optimal subsidy
plan.

In practice, there are two types of LNG-fueled vessels. The first is powered
purely by LNG; it is also an LNG carrier and can use natural gas produced during
transportation for power (Schinas and Butler 2020). The other is equipped with dual-
fuel engines that can switch between traditional bunker fuel oil and LNG during a
trip (Fokkema et al. 2017). We consider only dual-fueled ships in this chapter because
ships powered purely by LNG are self-sufficient.

3.1.2 Literature Review

Alternative marine fuels are promising methods of alleviating ship emissions (Deng
et al. 2021, Ytreberg et al. 2021, Deng et al. 2021). The literature on the application
of LNG as marine fuel can be divided into a stream addressing technical problems
(Lim and Choi 2020, Aneziris et al. 2020, Milioulis et al. 2021) and a stream ad-
dressing management problems (Lim and Kuby, Ko et al. 2017). Studies of technical
problems mainly focus on safety issues (Zheng et al. 2017, Park et al. 2018, Aneziris
et al. 2020) and efficiency issues (Guan et al. 2017, Altosole et al. 2018, Lim and Choi
2020). The literature on management problems can be further subdivided into stud-
ies from the ship perspective and from the bunkering station perspective. From the
ship perspective, whether and when to invest in ship retrofitting are common topics
(Schinas and Butler 2020). Yoo (2017) focuses on specific ship types and assesses
the economic applicability of LNG as a marine fuel for COy carriers. Xu and Yang

(2020) study the economic feasibility of LNG-fueled container ships on the Northern
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Sea Route under the assumption that an LNG refueling station will be constructed
in Sabetta Russia, and evaluate the CO, reduction compared with deploying ships
powered by conventional fuels on this route. Kana and Harrison (2017) adopt Monte
Carlo simulations to extend the ship-centric Markov decision process (Kana et al.
2015) and capture the impact of uncertainties in the economic parameters, ECA
regulations, and LNG supply chain on the decision whether to retrofit a container
ship as an LNG-fueled vessel. From the bunkering station perspective, studies focus
on the bunkering network design and the layout of bunkering stations. Network de-
sign studies mainly aim to determine the optimal number and positions of bunkering
stations in an area (Ursavas et al. 2020). As for the layout of bunkering stations,
bunkering method selection (Tam 2020) and safety zone settling (Park et al. 2018)
are frequently discussed. For a detailed review of this literature, please refer to Peng
et al. (2021).

The two perspectives focus on either the demand side of LNG (LNG-fueled ships)
or the supply side (LNG bunkering stations). However, in practice, the adoption of
LNG as marine fuel is still in its infancy, and the two sides are interdependent due
to the “chicken and egg” problem (Lim and Kuby, Ko et al. 2017). Therefore, this
problem should be investigated from a systematic perspective. Such a perspective
is adopted in several papers that investigate the problem of locating stations for
alternative fuel vehicles; please refer to Ko et al. (2017) for a detailed review of this
literature. Nevertheless, papers that study this problem focus on road transport,
which is different from the problem discussed in this chapter for several reasons.
First, in road transportation the selection of potential bunkering station positions
are more flexible. Second, the vehicles that refuel at bunkering stations are more
unpredictable since a large proportion do not travel according to a predetermined
schedule. Third, in the problem of locating stations for alternative fuel vehicles, the
decision maker try to cover as many paths as possible with estimated alternative
fuel demands, rather than taking the interaction between supply side and demand
side decisions into consideration. Fourth, in studies that focus on road transport
government subsidies are not considered.

In maritime transportation, government subsidies are considered a practical method
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of promoting the use of green technologies, such as shore power (Wu and Wang 2020).
Wu and Wang (2020) consider the interaction between the decisions of port author-
ities in constructing a shore power system and ship operators in installing onboard
shore power facilities. They integrate government subsidies into the problem as a
method of encouraging the application of shore power. However, there are several
differences between the work of Wu and Wang (2020) and this chapter. First, the
objective functions are different. Wu and Wang (2020) aim to maximize the total en-
vironmental benefit when the total subsidy amount may not exceed a predetermined
budget. In this chapter, we do not have a budget for subsidies, and we maximize the
net benefit for the government, namely the environmental benefit minus the subsidy
expenditure. Second, subsidy policies are different. In Wu and Wang (2020), the
government selects particular ports and ship routes and covers all of their construc-
tion or retrofitting costs. In this chapter, the government provides one subsidy rate
for all ports and another for all ships, and port authorities and ship operators inde-
pendently decide whether to conduct the construction or retrofitting. Third, due to
the nature of shore power and LNG as marine fuel, the ports in Wu and Wang (2020)
make decisions independently, while in this chapter the refueling volumes at different
bunkering stations interact with each other. Therefore, in this chapter, all ports are
managed by a port group that aims to maximize its total profit. These character-
istics lead to essential differences between the model proposed in this chapter and
the model used in Wu and Wang (2020), and the solution method proposed by Wu
and Wang (2020) is not applicable to the problem in this chapter. In conclusion,
although the backgrounds and problem structure of the two papers are similar, this
chapter is substantially different from Wu and Wang (2020).

The scientific contribution of this chapter is threefold.

e This is the first study that aims to investigate the subsidy policy optimization
problem for LNG as marine fuel. As far as we can determine, papers on the
topic to date are limited to qualitative analysis or policy evaluation (Wan et al.
2019).

e We propose a new trilevel model to describe the problem. Decisions of the three
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most interested parties involved in the application of LNG are integrated. This
model can also be adapted to other alternative marine fuels, such as biofuels.
e A tailored solution method is developed to convert and solve the model. Based
on port authorities’ and ship operators’ behavior, the bilevel problem involving
the port-level and ship-level decisions is converted into an equivalent single-level
problem, which significantly reduces the difficulty of solving the problem. Then

an enumeration algorithm is applied to identify the optimal subsidy plan.

The remainder of this chapter is organized as follows: Section 3.2 gives the prob-
lem description and presents the model. Section 3.3 shows how the model is con-
verted and then solved. Our numerical experiments and their results are presented

in Section 3.4. Last, Section 3.5 presents our conclusions.

3.2 Model Formulation

A trilevel model that consists of the government, port, and ship levels is proposed
in this section. The interrelationships among decisions considered at different levels

are clearly described through the trilevel structure.

3.2.1 Problem Description

In this chapter, we consider a river under a government’s regulatory regime. A set of
physical ports, denoted by P, all of which are managed by a port group, are located
along the river. Within the set P = {1,2,...,|P|}, 1 represents the physical port
farthest downstream and |P| represents the physical port farthest upstream.

There is a set V of vessels that sail on this river and fulfill transportation demands
between the ports in P. Each ship has its own route, and ships stick to their routes
during the time span under consideration. We denote the physical port farthest
downstream (the physical port farthest upstream) on the route of ship j € V as
MD; (MU;). As shown in Figure 3.1, a route is a closed loop: ship j on its route
starts from M D, visits ports upstream until M Uj, then reverses direction and finally

goes back to MD,. After returning to M D;, the ship repeats the route. Because
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the route along the river is nearly linear, to complete a route, ship j will either
visit or pass each physical port between M D; and MUj in the order M D;, M D; +
L., MU; —1,MU;, MU; — 1,..., MDj; + 1. We denote these as a new set P} and
k € P; represents the k™ port along the route, k = 1,...,2(MU; — MD;). We
further define a binary parameter Tj; that equals 1 if the &™ port along the route
of ship j is visited by the ship and 0 otherwise, and we set a binary parameter Bj;
that equals 1 if the £*® port (no matter whether it is visited or passed) corresponds
to physical port i € P, and 0 otherwise. In the example given in Figure 3.1, the line
represents a river along which five physical ports are located; the right-hand side is
the downstream end and the left-hand side is the upstream end. The arcs represent
the sailing directions of ship j between physical ports; for example, the arc from
physical port 2 to physical port 4 means that ship j visits physical port 2 and then
sails upstream to visit physical port 4. Physical port 1 is the most downstream port
that ship j visits (M D; = 1) and physical port 4 is the most upstream port that ship
J visits (MU; = 4). Then, the set of ports along the route of ship j consists of six
elements; that is, P} = {1,2,3,4,5,6}. Because ship j does not visit physical port
3 when it sails upstream, we have Tj; = 1,Tj, = 1,13 = 0,154 = 1,75 = 1, and
Tj6 = 1. As the corresponding physical ports of the first, second, third, fourth, fifth,
and sixth ports on the route are port 1, port 2, port 3, port 4, port 3, and port 2,

respectively, we further have Bj1; = Bjoe = Bjs3 = Bjus = Bjss = Bjga = 1.

MU; MD;

Upstream l l Downstream
3
5 4 3 2 1

Figure 3.1: An example of the route of ship j

Ship j € V sails at the speed of H; knots (nautical miles per hour). The distance
of the voyage from the k™ port along the route to the next is denoted by Ljx, k € P;.
For k=12, ..., ’73j’| —1, L, is the sailing distance from the k™ port to the (k+ 1),

while Lj|7)(’ represents the sailing distance from the |73]' ‘th port to the first (i.e., from
J
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physical port M D; + 1 to physical port M D;). Therefore, the total sailing time for
the ship to complete a whole route is ZkeP]’. L;i/H;. Other than the sailing time,
ship j has to berth for m; hours at the k™ port for cargo handling (if the k™ port
is not visited, then m;; = 0). With a total of S hours of operation time per year,
the ship finishes O; := S/ [(Zkepj’. ij/Hj) + Zkep} j_jjkmjki| trips in a year.

We assume that currently all ships in V use MDO as the bunker fuel. The
price of MDO is Uypo USD/ton, and the combustion of one ton of MDO has
a negative environmental impact of Eypo USD. Ship j consumes R}, tons of
MDO while sailing one nautical mile and consumes Rli/u)o tons of MDO during
berthing for one hour. Apart from the bunker cost, ship j has to pay C_’I{/IDO USD
per year for the maintenance of the diesel engine. We denote by G, the annual
revenue of ship j from transporting cargo. Then, the annual profit for ship j
is Gj — | Cpo + OjUnno (RiADO 2kepr Lk + Ripo 2 kep! Tjkmjkﬂ , which is as-
sumed to be positive, as otherwise the ship would be likely to exit the market.

Ship j may be retrofitted into dual-fueled, which incurs a fixed retrofitting cost
denoted by Of (without government subsidy). The annual maintenance cost of the

dual-fuel engine is denoted by C_% Ship 7, after retrofitting, can switch between

ual*
MDO and LNG for power. Tt will require R} v, tons of LNG to sail one nautical mile
and R’ JLNG tons of LNG to berth for one hour. We assume that the consumption rates
of LNG and MDO are proportional; that is, R%po/Rine = Rpo/Rine = R. j €
V. Therefore, for a ship, consuming 1 ton of LNG means reducing the consumption
of MDO by R tons. For instance, according to International Maritime Organization
(2016), the net calorific value of MDO is 11.6 MWh/ton and the net calorific value
of LNG is 13.7 MWh/ton, and hence R = 13.7/11.6 ~ 1.18. Note that ships are not
retrofitted yet because of the high retrofitting cost, a lack of LNG bunkering stations
at ports, or an insignificant price difference between MDO and LNG.

The negative environmental impact of LNG is much lower than that of MDO. De-
note by Frng the negative environmental impact of one ton of LNG. Since consuming
one ton of LNG means reducing the consumption of MDO by R tons, the environmen-
tal benefits of consuming one ton of LNG can be calculated as Ag := R-Eyvipo—FEing-

Because using LNG as bunker fuel is a promising method of reducing the environ-
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mental impact of ship emissions along the river, the government tries to promote
the adoption of LNG as bunker fuel by providing subsidies for ports that construct
LNG bunkering stations and ships retrofitted as dual-fueled ships. The government’s
subsidies affect the decisions of the port group on the ports at which to construct
LNG bunkering stations, and both the government subsidies and the port group’s
decisions affect the ship operators’ decisions on whether to retrofit their ships as
dual-fueled. We model the problem at three levels, namely the government level,
the port level, and the ship level, as shown in Figure 3.2 and elaborated in the next

three subsections.

| |
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Figure 3.2: Demonstration of the problem structure

Government Level

The government makes decisions at the first level, aiming to maximize its annual total
benefits, which equal the annual environmental benefits of emission reduction minus
annual average subsidy expenses. Specifically, the government needs to determine
the proportion of the bunkering station building cost to subsidize, denoted by ap,

and the proportion of the ship retrofitting cost to subsidize, denoted by ay. To
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insure convenient policy implementation, we assume that the government chooses
the values of ap and «y from a set of alternatives 0%, 5%, ..., 95%, and 100%.
The purpose of the government subsidies is to stimulate the port group to build
LNG bunkering stations and to encourage the retrofitting of ships as dual-fueled, so
that a significant amount of LNG will be consumed to replace MDO, thus providing

environmental benefits.

Port Level

At the port level, given the subsidy proportion ap, the port group decides whether
or not to construct an LNG bunkering station at each physical port i € P, denoted
by the binary decision variable z;, with the aim of maximizing its average annual
profits. The construction of an LNG bunkering station at physical port ¢ € P costs
C’ZD (without government subsidy), which is a one-off cost. We convert C’f into an an-
nualized cost C7', which applies after depreciation and interest are considered. With
the government subsidy, the port group needs to pay an annual cost of (1 — ap) CF.
The port group purchases LNG from a supplier at a fixed price of Upxe. The selling
price to ships, namely, the LNG bunkering price, denoted by ULNg, is predetermined
by the government to ensure that LNG is a more economical option for bunker fuel
than MDO. Therefore, the port group could gain Upng — Upne by selling one ton of
LNG. The total amount of LNG that the port group can sell depends on the ship
operators’ decisions, which are affected by the government’s subsidy proportion oy,

and the availability of LNG bunkering stations at the ports in P.

Ship level

Given the government’s subsidy proportion ay, at the first level and the locations of
LNG bunkering stations determined at the second level, the operator of each ship
j € V decides whether to retrofit the ship or not and the refueling volume at each
port if the ship is retrofitted (the ship may not refuel at ports that are passed by
rather than visited, because the refueling would incur extra cost), to maximize its

annual profit. The ship operators’ refueling volume decisions affect the government’s
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environmental benefits at the first level and the port group’s revenue at the second
level.

We denote by y; a binary decision variable equal to 1 if and only if ship j is
retrofitted. We convert the one-off retrofitting cost CA’]V into an annualized cost C’}) .
Then, benefiting from the government subsidy, the ship operator needs to pay an
annual cost of (1 — ay) C]V for the retrofitting. If the ship is retrofitted, it will be
equipped with an LNG tank with a capacity of ¢; tons, and the original diesel engine
will be replaced by a dual-fuel engine that has an annual maintenance cost of C’%ual
USD. Because consuming one ton of LNG means reducing the consumption of MDO
by R tons, the consumption of one ton of LNG implies a fuel cost reduction of
Ay = R - Uypo — Uixe USD for the ship operator.

As the LNG bunkering price is the same at all available ports, if ship j visits a
port with an LNG bunkering station, it will fill up its LNG tank. If the ship passes
a port rather than visiting it, the ship may stop at the port for LNG refueling, at an
extra cost of f; USD. We define a binary decision variable ¢}, that equals 1 if and
only if ship j refuels with LNG at port k € P;. We then have 0, = 1if Tj = 1; a
cost f; will be incurred if 0, = 1 and Tj; = 0.

For simplicity, it is assumed that a ship refuels just before leaving a port; that
is, LNG purchased at the ™ port cannot be used to generate power for the ship
when it is berthing at the port. To formulate the amount of LNG consumed by
ship 7, we define decision variables Wf inish and Wf,fa“e as follows. (i) If ship j visits
the k™ port for cargo handling (i.e., Tj, = 1), then /""" is the volume of LNG
remaining in the LNG tank of ship 7 when it has just finished cargo handling (before
refueling, if any) and Wff“”e is the volume of LNG remaining in the LNG tank of
ship j when it leaves the &' port (after refueling, if any). (ii) If ship j stops at

the k™ port just for refueling (i.e., Tjr = 0 and 6, = 1), then 7},"™*" represents

Leave

the volume of LNG remaining in the LNG tank of ship j before refueling and mj;

represents the volume after refueling, and we have /™" < wfce*  In both cases,

71_Finish
jk
(05 = 0), mp™" = qieeve. If ship j refuels at the k™ port (6, = 1), we have

mhimsh < mpheave = g, because every time the ship refuels the LNG tank will be filled

< ﬂf,f““e. Specifically, if ship j does not refuel at the £*® port along its route
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up.

The annual LNG refueling volume of ship j at physical port ¢, denoted by de-
cision variable w;;, can now be calculated: wj; = O Zkep; By (wheave — qliinish)
for all j € V, i € P. The values of wj;; affect the government’s decisions and
the port group’s decisions: the annual environmental benefit for the government

is ApD jcy 2 iepwji, and the annual gain for the port group from selling LNG is
(ﬁLNG - ﬁLNG) Zjev > iep Wi

3.2.2 Mathematical Model

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

Sets and parameters

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

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

cr the annualized construction cost (USD) of LNG bunkering station at
physical port 7, Vi € P;

C']V the annualized retrofitting cost (USD) of ship j,Vj € V;

G, the annual revenue (USD/year) for ship j, Vj € V;

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

is consumed to replace MDO;
R{NG the LNG consumption rate (ton/nm) of ship j while sailing, if it is
retrofitted, Vj € V;
Unipo the MDO bunkering price (USD/ton) paid by ship operators;
Uine the LNG bunkering price (USD/ton) paid by ship operators;
Uine the LNG purchasing price (USD/ton) paid by the port group;

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

P; the set of ports along the route of ship j, P; = {1,2,...,2(MU; — M D)},
indexed by k;

T, binary parameter, equal to 1 if the k" port along the route is visited by

ship j, 0 otherwise, Vj € V,Vk € Pj;
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M;

the sailing distance (nm, nautical mile) from the &' port along the route
of ship j to the (k + 1)th port along the route, k = 1,2, ..., !73]’-‘—1,‘7]' SHVR
the sailing distance (nm) from the ‘Pﬂth port along the route of ship j
to the 1% port along the route, Vj € V;

the berthing time (hour) of ship j at the &*® port along the route, Vj €
V,Vk € Pj;

the LNG consumption rate (ton/hour) of ship j while berthing, Vj € V;
the annual maintenance cost (USD/year) of the diesel engine of ship j if
it is not retrofitted;

the annual maintenance cost (USD/year) of the dual-fuel engine of ship
g if it is retrofitted;

the number of trips that ship j finishes in a year, Vj € V;

the extra cost (USD) of ship j refueling at a port that is located along
the route but not visited by the ship, Vj € V;

the LNG tank capacity (ton) of ship j if it is retrofitted, Vj € V;

binary parameter, equal to 1 if the k" port along the route of ship j is
physical port i, 0 otherwise, Vj € V,Vk € P}, Vi € P;

a large constant, Vi € P.

Decision variables

ap

Qy

Z;

Yj

the proportion of LNG bunkering station construction cost that will be
covered by the government subsidy;

the proportion of ship retrofitting cost that will be covered by the gov-
ernment subsidy;

binary variable, equal to 1 when an LNG bunkering station is constructed
at physical port i, 0 otherwise, Vi € P;

binary variable, equal to 1 when ship j is retrofitted into a dual-fueled
ship, 0 otherwise, j € V;

the LNG refueling volume (ton) of ship j at physical port i each year if
it is retrofitted, Vj € V, Vi € P;
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binary variable, equal to 1 when ship j refuels LNG at the k" port along
its route if it is retrofitted, 0 otherwise, Vk € P;,Vj eV,

the LNG remaining volume (ton) of the ship j when it finished cargo han-
dling at the &' port along the route and before refueling, Vj € V,Vk €
P

the LNG remaining volume (ton) of the ship j when it leaves the k" port
along the route after refueling, Vj € V, Vk € P’.

the vector of x;, ¥ = (xl, ...,x‘p‘);
the vector of y;, ¥ = (yl, ...,yM);
the vector of wj;, W; = (wj1, ...,(,Uj|7)|), Vi eV,

the vector of J;, & = (@’1, ...,(I}'M);

the vector of Wf,f“”e, heave — (wLe‘“’e, e 7er|€‘”’€), Vijev;

L :
j J P/
the vector of h/mish giimish — ((phinish | Wﬂ;;‘,_“h , Vi eV,
J

the vector of 0, 03 = <9j1, ...,lep{‘>, Vje.

Then the problem faced by the government can be described as the following

trilevel optimization model [MG]:

subject to

and

[MG] maximize Ap Y Y wji—apd» Cla;—ay) Cly, (3.1)

JEV i€P i€P JjEV
ap € (0%, 5%, ... 100%) (3.2)
o € {0%, 5%, ..., 100%) (3.3)
<f7 (Ij, :J) € \1]73 (OZ'P, Oév) (34)

where U” (ap, o) is determined by the following model:
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[MP] ¥” (ap,ay) = arg maxz (1 —ap)Cla; + Z (ULNG - ULNc;> wj,y]]

W,y 1€EP JEY
(3.5)
subject to
rz; =0,1,Vi € P (3.6)
and
(y;,&;) € ®F (ay, T) ,Vj €V (3.7)

where ®Y (avy, 7) is the projection of <I>V (ay, &) on y; and &; (in other words, (y;,d;) €

®Y (ay, T) if and only if there exists (9], Treave, ﬁjpm“h> such that (yj, @, 6], reave,

phinish) e @D}/ (ay, T)), where @D}/ (ay, T) is determined by the following model:

[MV;] @ (ay, @) = argmax G =y, [CY (1—av) +0; > f; (1= Ty) 3
Leave -’Finieh

Y5555 9 T ’ kEP’

+C%ual _AU Z Wi y]) C(I{/IDO}

iEP
(3.8)
subject to
7.‘_]Ilzkecwe — 7.‘_]I*;gzmsh + ij (q . 7.‘_]14;;’r7,zsh) Vk € PJI (39)
Wﬂi””h = max {O, Wf,ia“f — Lj7k_1R£NG — mij'iNG} Jk=2,3 PJ'} (3.10)
e = e {0, wESE — L Rl = mjs Rl | (3.11)
=0; Z B]k:z Le‘we — ﬂm“h),w eP (3.12)

keP’
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Ok <Y Bjiiri,Vk € P (3.13)

i€EP

> BiiTiw; < 051,k € P (3.14)

iEP
0< Wﬂi”“h < max {O, ¢ — Lir 1Rl ne — mij/iNG} k=2, .., |73j/‘ (3.15)
0 < 7k < max {0, 45 = L oy Rine — mi Rixe | (3.16)
O = 0,1,k € P, (3.17)
y;=0,1 (3.18)
0 < mj™e < ¢;,Vk € Pl (3.19)

The objective function (3.1) at the government level aims to maximize the an-
nual environmental benefits of the reduction in ship emissions minus annual average
subsidy expenses. Constraints (3.2) and (3.3) specify the domains of the subsidy
proportions. In model [M G|, some of the parameters, namely wj;, ;, and y;, are not
constants; the values of these parameters depend on the decisions of the port group
and ship operators, which are described in the port-level and ship-level models. We
use the set UF (ap, ay) to denote them.

At the port level, because all physical ports are under the management of the port
group, here we present the model [M P] to describe the problem faced by the port
group. The objective function (3.5) aims to maximize the annual total profits of the
port group, equal to the annual profit of selling LNG, minus the annual average LNG
bunkering station construction cost. Constraints (3.6) define the domain of decision
variable z;. In model [M P], parameters y; and wj; are not constants, and their values
depend on ship operators’ choices, which are described in ship-level models. We use
the set WY (ay, ) to denote them.

Because different ships at the ship level make their decisions independently, we
build [MVj] for ship j. In objective function (3.8), the first part is the annual rev-

enue (. Next, the objective functions for when ship j is retrofitted or not are listed
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separately. If ship j is retrofitted, the objective function equals the annual average
retrofitting cost, plus the extra cost of refueling at ports that the ship does not visit,
plus the annual maintenance cost of the dual-fuel engine minus the annual bunkering
cost saving. If ship j is not retrofitted, the objective function equals the annual main-
tenance cost of the diesel engine. Constraints (3.9) give the relationship between the
remaining LNG volume when the ship finishes cargo handling and other operations
at the k'™ port along the route and the remaining volume when it leaves the port.
Constraints (3.10) and (3.11) state that the retrofitted ship will consume LNG while
sailing from one port to the next and berthing there, and that MDO will be used
if LNG is in short supply. Constraints (3.12) calculate the annual LNG bunkering
volume of ship j at physical port i if the ship is retrofitted. Constraints (3.13) state
that ship j can refuel with LNG at the k*" port along the route only if the port group
decides to construct an LNG bunkering station at the port. Constraints (3.14) in-
dicate that ship j will refuel at every port with an LNG bunkering station that it
visits. Constraints (3.15) and (3.16) states the upper limits of the remaining LNG
volume when ship j finishes cargo handling and before LNG refueling, if any, at the
k" port. The limit will be reached only if the ship refuels at the last port along
the route before the k™ port. Constraints (3.17)—(3.19) define the domains of the

decision variables.

3.3 Solution Method

The main difficulty in solving this problem is its trilevel structure, which leads to
interdependence among the decisions of different decision makers. At the government
level, subsidy rates ap and ay are determined. To handle the government-level
problem, we enumerate all possible situations for the values of ap and ay; then the
problem becomes bilevel. In a bilevel problem, there is a leader who first makes a
decision and a follower who makes a decision after the leader, and they each make
decisions based on their own interests. The leader’s decisions will influence the
follower’s decisions, which in turn, have an impact on the leader’s objective function

value. In our bilevel problem, the port group that manages all ports is the leader;
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ship operators who control their own ships are followers who decide independently.
In the following subsection, we convert the bilevel problem into an equivalent single-
level problem [SP], which can be solved by an off-the-shelf CPLEX solver after model

linearization.

3.3.1 Model Conversion

At the ship level, all ship operators make decisions on whether to retrofit ships
independently, because the capacity of bunkering stations is assumed to be infinite.
The only factor that influences the ship operator’s decision is the net profit from
retrofitting the ship; the ship will be retrofitted if and only if the benefit exceeds the
cost. Therefore, the decision-making process at the ship level can be represented by
the two sets of binary variables z; and ¢;, as follows:

Variables
Z; binary variable, equal to 1 when ship j can benefit from being retrofitted

into a dual-fueled ship, 0 otherwise, Vj € P;
& parameter used to indicates the difference between z; and y;, equal to 0

when z; = y;, 1 otherwise.
With z; and §;, the bilevel programming model that consists of the port level and

the ship level can be converted to a single-level programming model [SP] as follows:

[SP] maXZ —(1—ap)Clz; + Z (ULNG - ULNG) WjilY;

1€P JEV

=Y M¢ (3.20)

JjeV

subject to constraint (3.6), constraints (3.9)—(3.19) for all j € V, and the following

constraints:

2=y SGVIEV (3.21)

yj — Zj S fj,Vj < V (322)
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C_(I{/[DO_ C (1—CYV +O Zf] Jk)ejk+CDual AUZWJZ <MZJ7

keP; i€P
VjeV (3.23)
C (1—ay)+0; ij ]k>ejk+ODual AUZWJZ _C’I{/IDO < Mj (1= z),
k:eP/ i€P
Vi€V (3.24)
§ =>0,VjeV. (3.25)

In [SP], Mj and M; are parameters that are large enough, and the values of ]\ij
and M; are listed below.

Parameters
M; parameter used in the objective function (3.20), equal to
(ULNG - ULNG) > LjRing + mjR{ng, Vi € P;
ke?ﬁ
M; parameter used in constraints (3.23) and (3.24), equal to
max {CJV (1—ay)+ 0, > i (1—- Tyk) + C%uala C’I{/IDO + Ay > ijRiNG
keP] keP)

+mp R ne ). Vi€ V.

In [SP], constraints (3.21) and (3.22) combined with the second part of objective
function (3.20), 3 M,¢;, ensure that z; = y;,j € V. The left-hand side of con-
straints (3.23) is %1?; benefit of retrofitting ship j. Constraints (3.23) and (3.24) guar-
antee that z; = 1 if and only if ship j can benefit from being retrofitted. Therefore,
the bilevel problem is converted to the equivalent single-level problem [SP], which
is a mixed integer nonlinear programming problem, and should be linearized before
being solved. The linearization process is given in Appendix A. Solving [SP], we ob-
tain the corresponding government profit OptG(ap, ay) = Ag > ey Y iep Optw;; —
apiep O Optr; — ayy” o), CY Opty;, in which Opta;, Opty;, and Optw;; are the
optimal solution of [SP] with ap and ay. Based on [SP], the trilevel model [MG]
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can be solved as follows:

MaxXimize s, e {0%,5%....,100%} ay € {0%,5%,....100%} OPtG (ap, ay). (3.26)

3.4 Numerical Experiments

The algorithm was programmed in C++ with Visual Studio 2019, and we used
CPLEX 12.10 to solve [SP] with different values of ap and ay. Multiple numerical
experiments were conducted to validate the model and the algorithm. Computational
experiments were conducted on a LENOVO XiaoXinPro-13IML 2019 laptop with i7-
10710U CPU, 1.10 GHz processing speed and 16 GB of memory.

3.4.1 Parameter settings

The parameters used in the numerical experiments were collected from previous stud-
ies and related reports. First we estimated the environmental benefits of consuming
one ton of LNG, Ag := R- Exyipo — Frng. Ship emissions contain various pollutants,
of which four are considered in this chapter: SOx, NOx, CO,, and PM, 5. Based
on the Fourth Greenhouse Gas Study conducted by the IMO (Faber et al. 2020),
we estimated that a traditional ship will emit 0.0001 ton of SOx, 0.167 ton of NOx,
3.206 tons of COs, and 0.00203 ton of PMsy 5 while consuming one ton of MDO,
and a dual-fueled ship will emit 3.17 x 107° ton of SOx, 0.0466 ton of NOx, 2.75
tons of CO,, and 1.26 x 10~* ton of PM, 5 while consuming one ton of LNG. These
four pollutants make up more than 99% of ship emissions, and have a significant
impact on social welfare. As summarized in Nunes et al. (2019) and Song (2014),
the social costs associated with the emissions of SOx, NOx, CO,y, and PM, 5 are
11,123 USD/ton, 6,282 USD/ton, 33 USD/ton, and 61,179 USD/ton, respectively.
As a result, we obtained the values Fypo = 1,280.31 USD/ton, Eing = 391.43
USD/ton, and A = R - Exypo — Fing = 1,119.33 USD/ton.  Next, we calcu-
lated the fuel cost reduction of the ship operator when 1 ton of LNG is consumed,

Ay = R - Uupo — ULN(;. According to market information, the bunkering price
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of regular diesel is set at 950 USD/ton and the bunkering price of LNG, Uing, is
about 800 USD/ton. Therefore, Ay = 321 USD/ton. The LNG purchasing cost of
bunkering stations is around 650 USD/ton; thus, Upxg = 650 USD /ton.

To numerically validate the model and algorithm proposed in this chapter, we
generated a port set of 10 ports and a ship set of 25 ships. According to the Inter-
national Maritime Organization (2016), the annualized construction cost of an LNG
bunkering station is about 4,088,000 USD per year. On this basis, we randomly
generated the values of CT, i € P, between 3,270,400 USD (= 0.8 x 4,088, 000) and
4,905,600 USD (= 1.2 x 4,088, 000).

For ship operators, the total cost of retrofitting a large container ship of 15,000
TEU capacity as a dual-fueled ship is about 25 million to 30 million USD (Interna-
tional Maritime Organization 2016, Freight Waves 2019). However, due to waterway
conditions, inland river ships have a smaller dead weight tonnage than seagoing ves-
sels do. Therefore, we considered ships with a capacity of around 2000 TEU, whose
retrofitting cost ranges from 15 million USD to 20 million USD. We randomly gen-
erated the values of é}’, j € V. After considering the 8% interest rate and 20 years’
depreciation time, the cost was annualized into C]V. The LNG tank capacity of ship
j ranges from 6.39 to 8.52 tons, namely 15 to 20 m3. The extra cost to ship j of re-
fueling at a port that is not visited by the ship, f;, ranges from 50 USD to 100 USD.
Regarding maintenance costs, a ship that is retrofitted will need less maintenance
and repair work, but such work will cost more (International Maritime Organization
2016). Consequently, we assumed that the annual cost for maintenance and repair
CLiposj € V.
We assumed that each ship works for 330 days per year, including sailing and

is similar for traditional ships and dual-fueled ships; that is, CJ, , =
berthing for cargo handling, giving S = 330 x 24 = 7920. The specific amount
of annual revenue will not influence the optimal solution as long as the profit of
each ship is positive, and we assumed that G; = C) + O; Zkepj,_ fi(L=T),j €V,
which is large enough to keep the profit positive. Ship j visits some of the ports
along its route, and which ports the ship visits is randomly generated. The sailing
speeds of different ships are randomly generated in the range of 15 to 20 knots,

and the LNG consumption rate while sailing, Rj g, is closely related to the sailing

52



speed. Meanwhile, the LNG consumption rate while berthing, R’{NG, is set to be the
same for different ships due to their similar sizes. Considering the small capacity of
container ships sailing along the inland river, the berthing time at each port varies

from two to five hours.

3.4.2 Results and Sensitivity Analysis

All of the numerical experiments involved 10 ports along the river and 25 ships sailing
among them, and were completed within 2000 seconds. We conducted sensitive
analysis with different values of crucial parameters including CF, C’]V, Ag, Uvpo,
Uing, and Upng to show their influence on the optimization results. Details of the
sensitivity analysis are as follows.

First, we conducted the numerical experiment with the parameters given in Sub-
section 3.4.1, which is denoted as the basic case (C'Basic). Next, we solved [SP]
with ap = ap = 0 to represent the scenario without government subsidy, denoted

by CWithout. The results are presented in Table 3.1.

Table 3.1: Results of CBasic and CWithout

CWithout CBasic
OptG (USD) 0 79,681,000
Optap N/A 0.4
Optayy N/A 0.55
Number of ports with bunkering stations 0 5
Number of ships retrofitted 0 25
Subsidy expenditure (USD) 0 32,846,100
LNG usage (ton) 0 100,531.65
Environmental revenue (USD) 0 112,527,000
Solution time (second) N/A 687.824

From Table 3.1 we can see that without the subsidy from the government, no LNG
bunkering station will be constructed due to the high cost of investment, and no ship
will be retrofitted because of the high cost of investment and the lack of bunkering
stations. With the optimal government subsidy plan, an environmental revenue
of 112,527,000 USD can be achieved by providing 32,846,100 USD of subsidy in
total, which yields a net benefit of 79,681,000 USD. The comparison shows the huge
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benefit of using LNG as marine fuel and demonstrates the necessity and efficiency of
a well-thought-out government subsidy.

Showing how the subsidy rates ap and «y influence the net government profit
ObjG and the consumption volume of LNG as marine fuel, the two sets of results

for different values of ap and ay, are displayed in Figure 3.3 and Figure 3.4.

OptG (USD)

Figure 3.3: OptG under different values of ap and ay

From Figure 3.3 we can see that a higher ap and ) do not necessarily lead to
higher government net profit; the government must balance environmental revenue
and subsidy expenditure to obtain the optimal government subsidy plan. Generally,
Obj(G is larger when the values of ap and «y are relatively close. In some extreme
scenarios, ObjG becomes negative; this phenomenon occurs when there is a wide gap
between the values of ap and ay, such as when ap = 1,ay =0 or ap = 0,y = 1.
This indicates that it is important to determine the subsidy amount wisely, and
subsidizing at both the port and ship levels is more efficient than focusing on just
one of them. From Figure 3.4 we can see that with the same value of ap (ay), a
larger av (ap) does not always lead to a larger LNG consumption volume. This

phenomenon is due to the multi-level structure and different objectives at each level.
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Figure 3.4: LNG consumption volume under different values of ap and ay,
Table 3.2 shows the results of numerical experiments with different values of C%,
C\J}a Ag, Unpo, ﬁLNGa and 0LNG-

Table 3.2: Values of crucial parameters

Parameter Values
Ag 500, 700, 900, 1100, 1119.333, 1300, 1500
Unvpo 800, 900, 950, 1000, 1100, 1200
ULNG 700, 750, 800, 850, 900, 950, 1000
ULNG 550, 600, 650, 700, 750
C;, (average value) 3285000, 3650000, 4015000, 4380000, 4745000
C{; [305700, 509500), [509500,1019000), [1019000, 1528500), [1528500, 2038000), [2038000, 2547500)

For each crucial parameter, a group of numerical experiments was conducted to
analyze the influence of this parameter on OptG. For example, in GroupAg, there
were seven cases with different values of Ag, namely CAgl to CAg7. All of the
other parameters of cases in GroupAg were the same as in the basic case C'Basic.
The optimal objective values of the six groups of cases are listed in Figure 3.5.

From Figure 3.5(a), 3.5(b), and 3.5(f) we can see that OptG decreases with C',

C’f;, and Upne. This is reasonable because a higher bunkering station construction
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cost, ship retrofitting cost, and LNG purchasing cost will discourage ports and ships
from adopting LNG, so the government needs to provide more generous subsidies in
response. Figure 3.5(c) and 3.5(d) show that OptG increases with Ag, and Uypo.
Regarding Ag, the result is intuitive, because a larger value of Ag leads to higher
environmental revenue with the same LNG consumption volume. As for Uypo, the
higher the MDO price, the greater the bunker cost that ship operators can save by
retrofitting their ships, and the lower the subsidy required to encourage them to do
so. The relationship between OptG and Uine is slightly more complicated, as shown
in Figure 3.5(e), because the value of Upne influences the bunker cost savings of ship
operators and the LNG selling profit of ports in opposite ways. Thus, the subsidies

required by ports and ships change in opposite directions.

3.5 Conclusions

LNG is a promising alternative fuel for the maritime transportation industry, as
it can reduce ship emissions and alleviate environmental problems. However, the
application of LNG as marine fuel is still in its infancy and is impeded by various
factors, such as the “chicken and egg” problem that arises in any transition to al-
ternative fuels. To break the deadlock, the government can provide subsidies for
ports and ships to cover part of the costs of constructing LNG bunkering stations
and retrofitting ships. Considering the environmental revenue resulting from the use
of LNG as marine fuel and the subsidy expenditure, the government needs to select
a subsidy rate that will maximize the total profit. Therefore, this study has inves-
tigated the government subsidy plan optimization problem for LNG as marine fuel.
Three parties are involved in the problem, namely the government, the ports in the
area under consideration, and the ships sailing in the area; each party acts in its own
interests. Based on this structure, a trilevel programming model was proposed, and
then the bilevel problem (port level and ship level) was converted into an equivalent
single-level problem. Next, after linearization, the problem becomes a mixed-integer
linear problem that can be solved by CPLEX. Finally, an enumeration algorithm was

applied to determine the optimal subsidy rates.
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Two series of numerical experiments were conducted. First, to determine how
subsidy rates influence the net government profit and environmental revenue, nu-
merical experiments with given values of ap and ay, were carried out. The results
showed that a government subsidy can significantly promote the application of LNG
as marine fuel, but that there exist complex relationships between subsidy rates and
net government profit, and between subsidy rates and environmental revenue. In ex-
treme cases, the government net profit may become negative. It is therefore necessary
to investigate the government subsidy plan optimization problem. Second, numerical
experiments were conducted to analyze the impact of various crucial parameters on
the optimal solution. The values of C%, C\j,, and ULNG are negatively related to the
government’s net profit. Meanwhile, higher values of Ag and Uygsp lead to higher
net government profit. However, the influence of Uine is more complicated, because

Uine impacts the profit of ports and ships in opposite ways.
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Chapter 4

LNG Bunkering Station
Deployment Problem in Maritime

Transportation

4.1 Introduction

Maritime transportation is indispensable for both international and domestic trade
(UNCTAD 2020). With the transportation volume continuously increasing and
reaching a record high, maritime emissions have become a common concern of the
whole society (Deng et al. 2021, Ytreberg et al. 2021). Sofiev et al. (2018) estimated
that pollutants from the maritime industry leads to more than 400,000 premature
deaths annually. Therefore, sustainable shipping, decarbonization and ship pollu-
tion control remain priorities of the future development of the industry UNCTAD
(2020). To alleviate problems caused by maritime emissions, the International Mar-
itime Organization (IMO) as well as governments of various countries and regions
have conducted regulations and rules that restrict ship emissions (International Mar-
itime Organization 2013, Ministry of Transport of the People’s Republic of China
2018, International Maritime Organization 2020, Commission 2021). Ships sailing

through areas that are covered by certain restrictions have to obey those rules, and
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the carriers need to maintain service levels and reduce costs at the same time. Cur-
rently, there are two main types of methods that can be adopted by ship operators
to reduce ship emissions, one includes technologies that can reduce impurity con-
tent in the marine fuel oil, or reduce the generation of pollutants, or clean exhaust
gases before emit them (Deng et al. 2021). The other type is to use alternative fuels
including bio-diesel, methanol, MGO and LNG to generate power.

LNG is one of the cleanest fossil fuels in the world and also a promising alterna-
tive fuel for marine transportation. LNG-fueled ships can dramatically reduce ship
emissions compare to traditional ships, nearly 100% of SOx and PM, up to 85-90%
of NOx, and 15-20% of CO, (Wang and Notteboom 2014, New South Wales Envi-
ronment Protection Authority of Australia 2015). However, various areas lack the
LNG bunkering system, which is necessary for the application of LNG-fueled ships.
Therefore, to popularize LNG-fueled ships, the government needs to build a com-
plete LNG bunkering system and construct bunkering stations at some critical ports
located in the area. Considering the limited annual budget, the construction work
has to be finished in a planning period that usually last for several years. Although
the outcome of the construction work is fixed, namely all the predetermined ports
will be equipped with bunkering stations, the construction sequence will influence
the ship emission volume in the planning period. In this chapter, we focus on the
LNG bunkering station deployment problem and try to find the optimal solution to
the question that at which period should each bunkering station be constructed. In
addition to the government decisions, the reaction of different shipping lines will also
be considered. In another word, at shipping lines make operational decisions at each
period on their own interests. According to the report of Schinas and Butler (2020),
ships that powered purely by LNG are always an LNG carrier and use natural gas
produced during transportation for power. Therefore, we focus on the dual-fueled
ships, which are equipped with dual-fuel engines that can switch between traditional
bunker fuel oil and LNG during a trip (Fokkema et al. 2017).

The deployment problem of port facilities for emission reduction has recently been
proposed. Wu and Wang (2020) explore the deployment problem of port-side shore

power facilities in a container shipping network. Although both this chapter and
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Wu and Wang (2020) study the deployment problem and have multilevel structures,
there are essential differences between them. The first difference is in the ship level
model, it roots in how these two technologies work. In Wu and Wang (2020), the
only decision for the ship operator is whether to install the onboard shore power
facilities. In this chapter more operational decisions of shipping lines are considered,
including the ship type and ship number to deploy on the route and the sailing speed
of ships, because these factors impact on the ship emission related to the use of LNG.
Second, due to the difference in ship level, the method proposed by Wu and Wang
(2020) becomes not applicable. Therefore, we propose a tailored two-stage method
to solve our model. In conclusion, this chapter is essentially different from Wu and
Wang (2020) in both the model and solution method.

The academic contribution of this paper is threefold.

e As far as the authors are concerned, this is the first paper that investigates the
LNG bunkering station deployment problem and aims to minimize the ship
emission through the planning period.

e A bilevel model is originally proposed to describe the problem. Not only the
government decisions but also the shipping lines” operational decisions, includ-
ing ship type, ship number, and sailing speed, are considered simultaneously.

e A tailored two-stage solution method is designed to solve the model. In the
first stage we reduce the range of potential optimal solutions of each ship route,
and we handle the bilevel structure by using a matrix to indicate the decision
shipping lines in the second stage. Also, the numerical experiment results and

analysis validate the model and solution method we propose.

The remainder of the paper is organized as follows: Section 4.2 describes the prob-
lem and gives the mathematical model. Section 4.3 displays the two-stage method
originally proposed to solve the model. Numerical experiments based on data from
previous studies and the results we obtained are presented in Section 4.4. Last,

Section 4.5 set the conclusions.
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4.2 Model Formulation

4.2.1 Problem Description

In this chapter, we consider an inland river area that has a set of ports along it,
denoted by P = {1,2,...,|P|} from downstream to upstream. A set of shipping
routes, denoted by R = {1,2,...,|R|}, are operated by different shipping lines to
satisfy transportation demand among ports in P. The number of homogeneous ships
that are chartered in and deployed on route j is denoted by 7;. Each ship deployed
in route j,j € R, sails along a closed loop, from the most downstream physical port
of the route, which is denoted by D;, to the most upstream one, which is denoted by
Uj, and then sails back to D;. The set of ports covered by route j is denoted by P},
and k € P] represents the k" one, and different ports may refer to the same physical
port. Here we define a binary variable T}, that equals 1 if the k™ port of route j
corresponds to physical port ¢ € P, and 0 otherwise. In Figure 4.1 is an example of

route j on a river with 5 different physical ports.

D 4] U]

Downstream l l Upstream
T e A —
1 2 3 4 5

Figure 4.1: An example of route j

As shown in Figure 4.1, to finish route j, a ship has to visit port 2, port 3, port
4, port 5, and port 4, in sequence and then go back to port 2. In this example, we
have 7)]/ = {1, 2,3,4,5}. Meanwhﬂe, we have 7}'12 = 7}'23 = 7}34 = 7}‘45 = 7}'54 = 1,
and all other Tj;; equal to 0. From the example we can see that route j does not
visit all physical ports that the ship passes by, and the route can be divided into
‘PJ’} voyages with the sailing distance of L;j. Ships sailing on voyage j berth at port
k for mj; hours for cargo handling, and sail at a speed of p; knots (nautical mile
per hour). The sailing speed of ships on route j, p;, is directly related to the ship

number and meet the constraint of weekly service frequency.
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Currently, there is no LNG bunkering station at any port in the area, and there-
fore all ships deployed in the area are traditional diesel ships that use MDO as the
main bunker fuel for power. Since the service is provided with a weekly frequency, in
this chapter we set the minimization of the weekly operating cost as the objective of
the shipping line. In this chapter, the operating cost includes two parts, namely the
ship chartering cost and the bunker cost. The weekly chartering cost of a traditional
diesel ship is denoted by 01{4Do~

The bunker cost depends on MDO price as well as MDO consumption rate. The
market bunkering price of MDO, Oypo USD/ton, is assumed to be the same for all
ships, but the consumption rates varies from vessel to vessel. The MDO consumption
of ship j to sail one nautical mile, gI{ADO(uj) ton/n mile, is also closely related to
the sailing speed. However the MDO consumption rate while berthing, g’{ADO does
not depend on the sailing speed. The government incurs the emission costs of Eypo
USD when a ton of MDO is consumed as the bunker fuel.

In addition to traditional diesel ships, shipping lines can charter in and deploy
dual-fueled ships on the route at the weekly price of C]gual for each. A dual-fueled
ship is able to switch between MDO and LNG during any voyage. Due to the limited
LNG tank capacity, which is denoted by W;, MDO would be used if and only if LNG
is in short. Ships can get refueled at LNG bunkering stations that are available,
and the bunkering operation of MDO is not considered in this chapter. When ships
on route j rely on LNG for power, g{NG(uj) tons of LNG would be consumed to
sail one nautical mile, and g’{NG tons of LNG to berth for one hour. For MDO
consumption rates of dual-fueled ships, we consider they are the same as those of
traditional diesel ships that can be deployed on the same route. We further assume
that ¢%ino/9'Ine = Guno(1)/dine(1y) = Q, j € V, in which Q is a coefficient,
This assumption means that for route j, @) tons of MDO will be saved if one ton of
LNG is consumed as the bunker fuel.

Compared with MDO, LNG has a much lower emission cost Fpng. With the aim
to reduce emission costs, the government, which operates all physical ports in P, has
decided to promote the application of LNG as bunker fuel in this area. To achieve

the goal, the government will construct LNG bunkering stations at various ports.
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Constructing a bunkering station at port i,7 € P, will cost the government CF USD.
Due to the limited financial budget, it is not possible to construct LNG bunkering
stations at all ports at one time. Therefore, the government needs to make an
LNG bunkering station deployment plan to schedule the construction sequence. The
deployment plan covers 1" years, and in each year t = 1,..., T, a given budget of B,
USD is allocated to the construction of LNG bunkering stations. Then, the problem
becomes a multi-stage LNG bunkering station deployment problem, in which year
t represents stage ¢, and the government aims to minimize the total ship emission
costs at all stages.

Considering that the government and shipping lines act on their own interests,
this problem can be described by a bilevel model. In the upper-level model, with the
constraint of financial budget By, the government decides at which port to construct
LNG bunkering stations at each stage t. The objective is to minimize the total
environment costs in all stages. In the lower-level model, given the LNG bunkering
station availability, the objective of each shipping line is to minimize the weekly
operating cost of the route that they operate at each stage. The shipping line has
to decide the ship type chartered and deployed on the route, the number of ships
deployed, the sailing speed of deployed ships, and the LNG bunkering operations if
dual-fueled ships are deployed. The route operation, in turn, influences the LNG
bunkering station construction. Stage-by-stage, the LNG bunkering system will be

developed in the area, and dual-fueled ships would be extensively adopted.

4.2.2 Upper-level Model

The government makes decisions at the upper-level to minimize total emission costs in
all stages. The decision is denoted by 4, := (; € {0,1},i € P), and we have y,; = 0
if LNG bunkering station at physical port ¢ will be constructed at stage t, otherwise
we have y,; = 0. For convenience, we further denote the LNG bunkering stations
that are available at stage t as z; := 2,1 + ¥;. Since there is no LNG bunkering
station at the beginning, we have Z, = 0. To be specific, Z, 1= (2, € {0,1},i € P),

and z; = 1 represents that LNG bunkering station is available at port i at stage
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t. Since the objective of the government is to minimized emission costs, the LNG

bunkering station will be set to just cover the cost of providing it, denoted by Opng-

4.2.3 Lower-level Model

At stage t,t € T, given the LNG bunkering station availability, z;, decided by the
government at stage shipping lines minimize the total operating cost of their routes.
The type of ships that will be charted in and deployed on route j, j € R is denoted by
a binary variable ;. The number of ships deployed on route j, 7;, and their sailing
speed, p;, should meet the weekly service requirement. If z; = 0, namely traditional
diesel ships are deployed on route j, the weekly bunker cost can be calculated as

Owmpo gi/{Do(Mj) > Lﬂv*’ﬂ’%mo > Mk
keP; keP;

If dual-fueled ships are chartered in and deployed on route j, namely z; = 1,
the bunker cost would be consist of the MDO cost and the LNG cost. As the LNG
bunkering price, Orng, is the same at different ports, the LNG tank of dual-fueled
ships will be filled up at every port with LNG bunkering stations. For simplicity,
it is assumed that the dual-fueled ships would get refueled when the cargo handling
is finished if the port has a LNG bunkering station, and then leave the port. To
calculate the LNG and MDO usage, we introduce a series of decision variables:
Wﬁj“m and W]Lke““. For port k, k € P, Wﬁini“)’h represents the LNG remaining volume
of ships deployed on route j when the cargo handling at the port £ is just finished
(before refueling, if any), and W]L,fa”e represents the LNG remaining volume when
ships leave the k' port (after refueling, if any). If ships get refueled at this port,
then we have 0 < 7fmsh < gheave — I otherwise we have mhmish — gheave,

4.2.4 Mathematical model

Here we list the notations that will be used before representing the mathematical

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

Eine

the set of shipping routes that are operated to satisfy transport demand
along the river, R = {1, 2,...,|R|}, indexed by j;

the set of ports covered by route j, V5 € R, indexed by k;

the most downstream physical port covered by route j, Vj € R;

the most upstream physical port covered by route j, Vj € R;

binary parameter, equal to 1 if the k*" port of route j refers to physical
port 7, 0 otherwise, Vj € R,Vk € P';,Vi € P;

the sailing distance (nm) from the k' port on route j to the k+ 1*" port,
VieR,k=1,..,|P -1,

the sailing distance (nm) from the |P’ j]th port on route j to the 1% port,
Vi eR,;

the upper limit of sailing speed (knot) of ships deployed on route j,
Vi € R;

the lower limit of sailing speed (knot) of ships deployed on route j, Vj €
R;

the weekly chartering cost of traditional diesel ships deployed on route
J,Vj €R;

the weekly chartering cost of dual-fueled ships deployed on route j, Vj €
R;

the bunkering price of MDO (USD /ton);

the bunkering price of LNG (USD/ton);

the construction cost (USD) of LNG bunkering station at port i;

the number of LNG bunkering station deployment plan stages;

the given budget (USD) that is allocated to LNG bunkering station con-
struction at stage t, t =1,...,7T}

the coefficient that represents the relationship between the consumption
rate of MDO and LNG;

the emission cost of one ton of MDO (USD/ton);

the emission cost of one ton of LNG (USD/ton);
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W;

mjk

the LNG tank capacity of dual-fueled ships that are deployed on route
J,Vj€R;

the berthing time (hour) at the k'™ port of call on route j, Vj € R,Vk €
P

Decision variables

Lj
Yt
Zti
1j
i
gimo (15)
g’i/{Do
giNG (#45)
gliNG
Ok
Leave

T

ﬂ_Jszsh

~]
PLNG

binary variable, equal to 0 if traditional diesel ships are deployed on route
7, equal to 1 if dual-fueled ships are deployed on route j, Vj € R;
binary variable, equal to 1 if LNG bunkering station at physical port ¢
will be constructed at stage t, 0 otherwise, Vi € P,t =1,...,T;

binary variable, equal to 1 if LNG bunkering station at physical port 7 is
available at stage t, 0 otherwise, Vi € P,t =0, ..., T}

integer variable, the number of ships chartered in and deployed on route
J, Vi €R,;

integer variable, the number of ships chartered in and deployed on route
7, Vi €R;

the MDO consumption rate (ton/n mile) of ships deployed on route j
while sailing, Vj € R;

the MDO consumption rate (ton/hour) of ships deployed on route j while
berthing, Vj € R;

the LNG consumption rate (ton/n mile) of dual-fueled ships deployed on
route j while sailing, Vj € R;

the LNG consumption rate (ton/hour) of dual-fueled ships deployed on
route 7 while berthing, Vj € R;

binary variable, equal to 1 if port k on route j has LNG bunkering station,
0 otherwise, Vj € R,Vk € P';;

the LNG remaining volume of when ships leave port k£ on route j (after
refueling, if any), Vj € R,Vk € P'j;

the LNG remaining volume of when the cargo handling at port k£ on route
j is just finished (before refueling, if any), Vj € R,Vk € P’;;

the weekly LNG consumption volume (ton) of route j, Vj € R;

67



ﬁ{/IDo the weekly MDO consumption volume (ton) of route j, Vj € R.

Vectors
Ui the vector of vy, 1; = (yﬂ, ...,yt|p|), t=1,..T;
Z the vector of zy, Z; = (Zﬂ, ...,zt|7>‘), t=0,..,T,
9_;- the vector of 0, é;k = (051, .-.,05p,), Vj € R.

Then the LNG bunkering station deployment problem faced by the government
can be described by the following bilevel model [MG]:

T
[MG] 371Inill;lTiIZpizegT Z Z 52 (Eincprng + Exmodino) (4.1)
""" FOT o jeR
subject to
> CPyi <Bit=1,..T (4.2)
ieP
=2+ U,t=2,..T (4.3)
20 = Yo (4.4)
T
dyu=1VieP (4.5)
t=1
vy =0,1,t=1,...T,Vie P (4.6)
2 =0,1,t=1,. TVicP (4.7)
and
(ﬁg;IG’ﬁf\gf]kDO> €V, (Z),t: L., T (4'8)

where W; (2;) are determined by the following lower-level model:
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[M R;] ‘ijj (Z) = arg min . (1 — ;) CK/{DOUJ + xjc%ual”j + OLNGﬁiNG

LjsM5,Hj ’ﬁiNG 7f’{vIDO 0;
N
(4.9)

subject to
Wf]ﬁeave — Wj};;inish + ‘gjk (VVJ . Wf]jnmh) ,Vk c PJ/ (410)

Wﬁ"wh = max {0, Wﬁi‘f’f — Lj,k—lgiNG(Mj) — mjkg’iNG} k=2,3,..., |73J" (4.11)

ﬁmiSh = max {07 W]-L’%T - Lj|7>;.|giNG(/“Lj> - mjlgmLNG} (4.12)
Ok = Y ziTini, Yk € P, (4.13)
1€P
> Lk
keP!
> my, < 168 (4.14)
i kePJ’.
e =) 3 (i — i) (.15
ke’PJ’.

Ao = (1= 25) | Ripo() D Lix + 9 vo Y, Mk

kEP) keP!
+Qx; giNG(Mj) Z Lj + gliNG Z mjr — Z (Wijeave - Wfkmm) (4.16)
keP) keP) keP)
B S g S (4.17)
0 =0,1,Vk € P/} (4.18)
z;=0,1 (4.19)
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n, € ZF (4.20)

0 < 7" < max {0, Wj — Ljn-19ina (1) — mjkgliNG} k=2, P (421)

0 < ™" < max {O, Wi — Lj,’P]’.|giNG<:uj) - mﬂgliNG} (4.22)

0 < i < W;,Vk € Pl (4.23)

In the upper-level model [M G, the objective function (4.1) minimizes the emis-
sion costs in all stages, and 52 represents that there are 52 weeks in a year. Con-
straints (4.2) are the budget constraints in each stage. The relationship between
Z; and ¢; is explained by constraints (4.3). Constraints (4.5) assure that all phys-
ical port will be equipped with an LNG bunkering station at the end of period T.
Constraints (4.6) and (4.7) are the domains of z; and ;. In the lower-level, differ-
ent shipping lines make their decisions independently, we build [M R;| for route j.
The objective function (4.9) minimizes the weekly operating cost of route j, which
consists of the ship chartering cost and the bunker cost. Constraints (4.10) explain
the relationship between the LNG remaining volume when dual-fueled ships finish
the cargo handling at port k£ along the route and the remaining volume when they
leave the port. Constraints (4.11) and (4.12) state that dual-fueled ships mainly
rely on LNG for power to sail and berth, and MDO will be used if and only if
LNG is in short. Constraints (4.13) show that the LNG tank of dual-fueled ships
will be filled up at every port with LNG bunkering station. Constraint (4.14) guar-
antees the weekly service frequency, and 168 represents there are 168 hours in a
week. Constraints (4.15) and (4.16) calculate the weekly MDO and LNG consump-
tion volume of route j. Constraints (4.17) to (4.23) are the domains of variables.
For constrains (4.21) and (4.22), the upper limit of 7//**" will be reached only if
dual-fueled ships get refueled at the last port along the route before port k.
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4.3 Solution Method

In this section, we present the method of addressing the bilevel model proposed. The
lower-level model is linearized and a set of possible optimal solutions are generated
for each [MR;]. Next, with a series of binary variables, the bilevel linear model is

converted as an equivalent single-level one.

4.3.1 Potential Optimal Solution Reduction

The lower-level model for ship j is a mix-integer nonlinear model, which contains
nonlinear factors in both the objective function and constraints. Next, we show how
to handle the nonlinear elements caused by the ship sailing speed, namely L;z/ju;
in constraint (4.14) and the bunkering fuel consumption rate function glo (11;),
g{NG (p;). Following previous studies that consider ship sailing speed optimization,
the function of MDO consumption is described as g{ADO (1) = ajus.j . According to
the estimate of Wang and Meng (2012), the value of a; ranges from 0.004 to 0.006
and the value of b; ranges from 1.9 to 2.0.

To avoid the nonlinear elements caused by fuel consumption rate, we investigate
the relationship between the sailing speed p; and ship umber 7;. For [MR;], j € R,
have the following property.

Proposition 4.1. Denote the optimal values of p; and n; as pj and n;, we have

keP]’. keP}

Proof. Suppose that the optimal solution satisfy »_ Ljx/p; + Y. mj < 168n;.
kePJ’. keP}

Then we have pj > 3 Lj/ | 16807 — > my. |. We can replace pii by fi; =
keP} kePJ’.

> L/ | 16807 — >° mye |. The new solution remains feasible and the objective
keP; keP;
function decreases because fi; < pj and the fuel consumption rate gixg (p;) and

giwo (i) increase with ;. Therefore, w; is not the optimal value of ;.
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With the limited sailing speed range [Ej, ﬁj] , the possible ship numbers deployed
on route j can be enumerated, in which the smallest and largest possible ship number
are denoted by n; and 77;. According to Property 4.1, the optimal solution of [M R;]
can be obtained by enumerating all combinations of possible ship types and ship
numbers with the corresponding optimal sailing speed. However, the number of
combinations are still large, so we narrow the range of possible optimal solutions for
[M R;| under different LNG bunkering station deployment situations.

With the set of physical ports P, there are 27! LNG bunkering station deployment
situations. Under each situation, [M R;] yields a corresponding optimal solution.
Considering 4.1, the optimal solution can be represented by the values of n; and z;.
Denote the set of optimal values of 1; and z; under different deployment situations
as nj, and 27, s = 1,2, ..., 2/l in which s = 1 represents the situation that no LNG
bunkering station is available and s = 27| represents the situation that all physical
ports are equipped with LNG bunkering station. Next we prove the following two

properties.
Proposition 4.2. For [MR;], we have nj; = max {77;‘.‘1,77;‘2, ~->77;2\7>|} and 77;2|73\ =

min {77;'-‘1,77;5,..., ;2”,‘}.

Proof. For route j, the LNG consumption volume is non-decreasing with the number
of LNG bunkering stations available along the route, because dual-fueled ships get
their LNG tanks fueled up at every available LNG bunkering stations. With the
same ship number, the more LNG is consumed, the more bunker cost savings can
be achieved. For s = 1, the traditional ships must be deployed, because there is no
LNG bunkering stations available. As more LNG bunkering stations are constructed,
more LNG is consumed and the average bunker cost decreases. In addition, since
the weekly ship chartering cost keeps the same, the optimal ship number when dual-
fueled ships are deployed will decrease too. Following this logic, for s = 271, namely
all ports are equipped with LNG bunkering station, the optimal ship number when

dual-fueled ships are deployed reaches the lowest value.

According to Property 4.2, for route j, the range of potential optimal ship number

is narrowed down to 77;2|7>\:77;2m| + 1,7
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Proposition 4.3. For route j, dual-fueled ship is the optimal ship type of all cases

whose optimal ship number is less than 17 .

Proof. Suppose that in a case, the optimal ship type is traditional ship and the
optimal ship number is less than nj,. Apparently, the operation of traditional ships is
not affected by LNG bunkering station deployment. Therefore, the optimal solution
in this case is the same as in case s = 1, which is deploying nj, traditional ships on
the route. This conflicts whit the assumption that the optimal ship number is less
than 7.

Combining Property 4.2 and Property 4.3, we can obtain (3:;1, 77;51) by enumerat-
ing the following solutions (mj =0, nj) , (xj =0,n; + 1) , .o, (x; = 0,7;) under the
situation s = 1. And (33;2\?\’77;2|P\> can be obtained by enumerating <a:j = O,@) ,
(xj = l,nj> , (xj =17+ 1) ., (z; = 1,7;) under the situation s = 27,

Therez)re, the ran& of potential optimal values of z; and n; of [MR;] under

situation s, s = 1,2, ..., 2/Pl. can be narrowed down to a set as follows.
Set

S; the set of candidate for optimal solution of [MR;], if x;mm =0
and 77;2|79\ = M, S = {(0,77;*1)}, if x;k-gw = 1 and 77;2|7>\ = M,

{(O777;1) ) (1777;1) ) (1777;1 - 1) PR (Ln;glp\) }7 vj € R
For simplicity, we denote the following parameters for each potential optimal

solution as follows.

Parameters

Mjs the value of 7; in candidate s of [MR;], Vs € S;, Vj € R;

fjs the wvalue of p; in candidate s of [MR;], equal to
Z L]k/ 168’17]5 — Z mjg |, Vs € Sj, V) € R;
keP; kePJf

Ao the MDO consumption rate of v; in candidate s of [M R}, equal to a; /1?;,
Vs € Sj, V) €R;

J%a the LNG consumption rate of v; in candidate s of [M R;], equal to %ajﬂzg,
Vs € S;, V5 eR.
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We assume that |S;] > 1, j € R, because otherwise the route’s operation is not
influenced by the LNG bunkering station deployment situation and can be excluded
from this problem. Therefore, [M R;] can be rewritten as follows.

Decision variables

Tjs equal to 1 if candidate s of [M R;] is applied, 0 otherwise, Vj € R,Vk €
Plj, Vs € Sj;
W]L]ff”e the LNG remaining volume of when ships leave port k on route j (after

refueling, if any) when candidate s is applied, Vj € R,Vk € P';,s =

Wﬂ?“h the LNG remaining volume of when the cargo handling at port k£ on route
j is just finished (before refueling, if any) when candidate s is applied,
VieRVNEe P s=2..|Sl;

i the weekly LNG consumption volume (ton) of route j when candidate s
is applied, Vj € R,s = 2, ..., |S;]:

ﬁﬁDO the weekly MDO consumption volume (ton) of route 7 when candidate
s is applied, Vj € R,Vs € Sj;

Ot binary variable, equal to 1 when ships of route j get refueled for LNG at

the k port of call at period ¢, 0 otherwise, Vj € R,Vk e P';t =1,...,T.
Then the lower-level model [M R;] is converted into the following model.

[MR;] V) (%) = argmin ;i [Cipoljn + OmpoAiino)

Tjs

1S; ] ' ' ' (4.24)
+ Z Zjs { Chuarllis + OLnGPing + Ompo@iipo |
s=2
subject to
mhee = Rl 4 iy (W — whih) [ s =2,..,|8;| ,Vk € P} (4.25)

Finish __ Leave ) ~js 1]
Migs = NaX {0» Tik—1,s — Ljk—19ing — Mijkg LNG}

s=2,...,8],k=2,..,|Pj (4.26)
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Finish __ Leave ~js 1J _
Tis = maX{O T ifPrs T Lj|P;_|gLNG — mj1g LNG} ,S=2,...

2 : /
]k‘t Zti ]]W,VJ € R Vk € P], = T
i€EP
Y =1
SGSJ'
NE Leave anish _
PLNG = E :ﬂ.jks — Tiks ’8_27"'7|Sj’
keP;
P Lk + ¢ :
MDO — gMDO jk T 9 MDO Mjg
keP’; keP’;

PNE] Leave
Pamo = @ gLNG E :Lk+gLNG E Mk — E ngs

keP’ keP’ keP’

s = 2, ceey |S]|

=0, 1.

(4.27) can be easily linearized as shown in the Appendix B.

4.3.2 Model conversion

5

— T

7‘Sj|

Finish
jks

)

|S;|, we convert the original bilevel model into a single level model [MGS].
We list the new notations used in [MGS] as follows.

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

Objective function (4.24) consists of |\S;| parts and each part represents the oper-
ating cost when one of the candidates is applied. Constraints (4.25)-(4.27) calculate
the LNG remaining volume at each port of call. Constraint (4.29) shows that only
one candidate can be applied. Constraints (4.28) calculate the value of 6;;,. Con-
straints (4.30)—(4.32) calculate the weekly consumption volume of LNG and MDO
when each candidate is adopted. Constraint (4.33) is the range of Z ;. The rewritten
model is a mixed integer nonlinear model, in which nonlinear factors exist in both

the objective function and constraints. The nonlinear elements in constraints (4.25)—

In this subsection, based on the reduced potential optimal solutions for each route



Decision variables

Bijtsm equal to 1 if solution m of route j is more economical than solution s, at
period ¢, 0 otherwise, Vj € R,t =1,...,T,Vs € §;,Vm € S;;

Qjts equal to 1 if solution s of route j is adopted at period ¢, 0 otherwise,
VieR,t=1,..,T,Vs € S§j;

T the LNG remaining volume of when ships leave port k& on route j (after

refueling, if any) at period ¢ when candidate solution s is applied, Vj €
RNkeP;t=1,.,T,s=2,..|5;

mhivsh the LNG remaining volume of when the cargo handling at port & on route
j is just finished (before refueling, if any) at period ¢ when candidate
solution s is applied, Vj € R,Vk € P';,t =1,...,T,s =2,....|S};

Emjys the weekly emission cost candidate solution s of route j at period ¢, equal

to 0 when candidate solution s is not adopted, Vj € R,t =1,...,T,s =
The model [MGS] is listed as follows.

T IS5
[MGS] minimize Z Z 52 Z Emjis + Z ijgﬁDo + Mirg Mpo it
JER t=1 5=2 keP)

(4.34)

subject to constraints (4.2)—(4.7), constraints (4.25)—(4.27) for ¢t = 1,...,T, con-

straint (4.28) and the following constraints:

Emjis = ais Z (Eing — QEvpo) (W]L;ftive - Wﬁﬁﬁm) + QFEnpo (ijﬁfjvg + mjkgliN(}>

keP’;
VieRt=1,...Ts=2 .|S (4.35)
Qs Z 11— Z ﬁjtsmavj € R,t = 17 aT (436)
mGSj
Y ap=1VjeRt=1.T (4.37)
SESj

76



Bjtsm = 0,Vs € Sj,m = s (4.38)

6jt5m =1- 5jtms> s=2.., ‘S]| ,m=1..,5s—1 (439)
11 o~ NimChua + D, [OspoLik (Ripo — QdinG)
kEP!;
“Mj1 o + MimChuar = D, [Oswo L (Ripo — QdENG)
kGP’j

+(QOmpo — Ouxe) (whgme — whi™)] < M (1 = Bjom) m =2,...,|S;|  (4.41)

(s = Njm) Char + OmpoQ > Lik (Fxa — Gina)

keP’;
+(One — OwpoQ) Y [(mfsme — mhiish) — (whimsh — fims™) ] < M3, Biram
kEP’j
VieP i t=1,...T,s=2,..,S —1,m=s+1,..|S (4.42)
(Mjm = Mjs) Char — Ovpo@ D Lk (G136 — dinc)
kEP/j
— (Oxe = OmpoQ) Y [(mfit = mii™) = (mfiush — whinie™)] < MJ3 (1= Bjtsm)
kEP’j
ViePit=1..,Ts=2,..,|S]—-1m=s+1,..,[S]. (4.43)

Constraints (4.35) calculate the emission cost of route j at period ¢ of candidate
solution s. Constraints (4.36)—(4.39) construct the matrix indicating the choice of
ship route j,7 € R at period t,t = 1,...,T, and requiring that the solution with the

lowest cost will be adopted. An example of such a matrix is shown as follows:

matrizj, = (4.44)

— = O
o o o
o = O

mXs.
From 4.44 we can see that at period ¢, route 5 should choose the second solution,

because no other solution is more economical. Constraints (4.40)—(4.43) indicate
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that candidate solution s is more preferable than solution m when the operating cost
of solution s is lower than the cost of solution m.

After the model conversion, the problem can be described as the single level model
[MGS)], which is still nonlinear. The linearization of constraints (4.35), as shown in
Appendix C, is similar to that of constraints (4.25). Then, the model becomes a mix
integer linear programming model [MGSL|, and can be solved by an off-the-shelf
CPLEX solver.

4.4 Numerical Experiments

The algorithm is programmed in C++ with Visual Studio 2019, and we used CPLEX
12.10 to solve [MGSL]. Multiple numerical experiments were conducted to validate
the model and the algorithm. Computational experiments were conducted on a HP
ENVY x360 Convertible 15-drlxx laptop with i7-10510U CPU, 2.30 GHz processing
speed and 16 GB of memory.

4.4.1 Parameter settings

Data from previous studies and technical reports were collected and used in the nu-
merical experiments. Consider the stringent quality restrictions on bunker fuels used
by vessels in inland river areas, e.g., the Law of the People’s Republic of China on the
Prevention and Control of Atmospheric Pollution (The National People’s Congress of
the People’s Republic of China 2018) regulates that ships sailing along China’s inland
rivers must use regular diesel oil available on the market, which contains no more
than 0.005% sulfur, we assume traditional ships consume diesel that contains 0.005%
sulfur in mass. The emission cost of LNG and MDO are estimated as the weighted
average of environmental damage of main pollutants in ship emissions. which include
SOx, NOx, COs, and PM, 5. More than 99% of ship emissions consist of these four
pollutants, which have been proved to be harmful to social welfare. The IMO has
released the Fourth Greenhouse Gas Study (Faber et al. 2020) and concluded that a
traditional ship will emit 0.0001 ton of SOx, 0.167 ton of NOx, 3.206 tons of COs,
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and 0.00203 ton of PMs 5 while consuming one ton of regular diesel, meanwhile a
dual-fueled ship will emit 3.17 x 107 ton of SOx, 0.0466 ton of NOx, 2.75 tons of
COs, and 1.26 x 10~* ton of PMy 5 while consuming one ton of LNG. Ivestigations
of Nunes et al. (2019) and Song (2014) summarized that the social costs associated
with these four main components of ships emissions, namely SOx, NOx, COs, and
PMs 5 are 11,123 USD/ton, 6,282 USD/ton, 33 USD/ton, and 61,179 USD/ton, re-
spectively. As a result, we obtained Eypo = 1,280.31 USD/ton, Erng = 391.43
USD/ton. Considering the marine fuel market fluctuations, the bunkering price of
regular diesel is set at 950 USD/ton and the bunkering price of LNG, Urne, is about
800 USD/ton. Therefore, Ay = 321 USD/ton. The LNG purchasing cost of bunker-
ing stations is around 500 USD /ton.

To numerically validate the model and solution method proposed in this chapter,
we generated a port set of 10 ports, a route set of 25 routes, and consider a 5
period construction plan with 1,800,000 USD budget per year. According to the
International Maritime Organization (2016), the annualized construction cost of an
LNG bunkering station is about 650,000 USD. On this basis, we randomly generated
the values of CT, i € P, between 520,000 USD (= 0.8 x 650, 000) and 780,000 USD
(= 1.2 x 650, 000).

For ship route operators, the ship chartering cost and maintenance cost is ran-
domly generated between 54,000 (= 0.9 x 60,000) to 66,000 (= 1.1 x 60,000) USD
per week for traditional ships, and for each route, dual-fueled ships have the cost
1.3 times (between 70,200 to 85,800 USD per week) of traditional ships’. The LNG
tank capacity of dual-fueled ships for route j ranges from 60 to 80 m?, namely 25.56
to 34.08 tons. As mentioned in Subsection 4.3.1, the value of a; and b, are randomly
generated between 0.004 to 0.006 and between 1.9 to 2.0. The fuel consumption
rate at berth is between 0.01215 (= 0.9 x 0.0135) to 0.01485 (= 1.1 x 0.0135) tons
per hour of LNG, and the regular diesel consumption rate g’{/[DO = Qg’iNG. The
lower bound of sailing speed p; of route j,j7 € R is set at 2 knots, while the upper
limit is related to the ports the_route covers. Consider that the upstream of a inland
river tends to be narrower, we set 1i; = 22 knots if U; < 8, 1r; = 20 knots if U; = 8§,
and fr; = 16 knots if U; = 9,10. Considering the small capacity of container ships
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sailing along the inland river, the berthing time at each port varies from two to five

hours.

4.4.2 Results and Analysis

Based on the parameters collected, a numerical experiment was conducted. At the
potential optimal solution reduction stage, the number of solutions for different routes
has been reduced from up to 8 to no more than 4. This reduction obviously improve
the solution speed. For comparison, we also design a greedy algorithm to solve the
bilevel problem. Decisions in period 1 to period T" were made sequentially, and the
goal of each period is to cover as much as new port of calls. For period t,t =1,...,T,
the following model was solved.

Parameters
Yti integer parameter, equal to 0 if y;; is fixed to be equal to 0, 1 if gy, is

fixed to be equal to 1, t =1,...T,Vi € P;

[MGY] max;tmize Z Yei Z Z Tk (4.45)

i€P JER keP]

subject to

t—1
> ity <1LViEP (4.46)

t'=1

(4.2), (4.6).

As shown in Algorithm 2, we can get a upper bound of a node by solving [M G|
for t =1, ...,T sequentially.

Then, by solving [MGSL], we obtained the optimal solution. Although the scale
of [MGSL] is relatively large, CPLEX solves the model in 2,000 seconds. Optimal
ship emission costs and LNG bunkering station construction plan of the two methods
are listed in Table 4.1.

The result shows that the optimal plan is to construct the LNG bunkering station
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Algorithm 2 Greedy algorithm for upper bound at a node

Input: C’};, Tjkt, and Fi.
Output: EmG, the ship emission cost through the planning period.
: Initialization: initial variables UpE =0, g;; =0, t = 1,...,T,4 € P, initial solution EmG = 0.
:fort=1toT do
Solve [M GY]
Update gy = 0,Y(t,7) € {(t,4) [ysi = 0}, e = 1,V(t,7) € {(¢,9) [ys = 1}
Solve [MR;} VieER
Update EmG
end for
return 7;; and EmG.

P> T W

Table 4.1: Optimal solutions of [MGSL] and greedy method

Constructed stations

Method pl P2 p3 pd 5 Ship emission cost (USD) gap
[MGSL] p6, p7 P2, p4,p8 p5 p9 pl,p3 plo 833,799, 200 NA
Greedy method  p4, p5, p8 p6, p7 p3, P9 pl,p3 plo 987, 859, 600 15.6%

of port 6, port 7 at period 1, port 2, port 4, and port 8, at period 2, port 5, port 9 at
period 3, port 1, port 3 at period 4, and port 10 at period 5, and a total emission cost
of 833,799,200 USD can be achieved in the whole planning. Meanwhile, the total
ship emission cost of 987,859,600 USD can be achieved by applying Algorithm 2,
and the greedy method suggests to construct the LNG bunkering station of port 4,
port 5, and port 8 at period 1, port 6, port 7 at period 2, port 3, port 9 at period
3, port 1, port 2 at period 4, and port 10 at period 5. Comparing the two results,
[MGSL] yields a superior solution than the greedy method, and the gap reaches up
to 15.6%.

To show how ship route operators react to the LNG bunkering station, the can-
didate solutions that different routes adopt at each period are listed in Table 4.2.

As suggested by Table 4.2, compared with the greedy method, [MGSL] better
considers the reaction of ship route operators, namely the lower level of the problem,
and that is the reason why it can reduce an extra amount of ship emission than the

greedy method.
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Table 4.2: Solutions adopted at different periods

[MGSL] Greedy method

Route 03
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4.5 Conclusions

Ship emission has become one of the main concerns of maritime transportation and
study on approaches to ship emission reduction attracts a lot of attention from both
academia and industry. Compared with traditional ships that consume MDO, LNG-
fueled ships that can be switch between MDO and LNG for fuel have much lower ship
emission level. Due to the limited LNG bunker volume, a complete LNG bunkering
system is indispensable for promoting the application of dual-fueled ships. Given
the annual budget, the LNG bunkering stations have to be constructed through
a planning period of several years, and construction sequence influences the ship
emission in the planning period. In this chapter, considering the ship route operations
including the ship type, ship number and sailing speed, we investigate the LNG

bunkering station deployment problem and determine the construction sequence.
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A bilevel programming model was built to describe the problem. To solve the
problem, we proposed a two-stage solution method, which reduces the number of
potential optimal solution for each route in the first, and then use a matrix to han-
dle the bilevel structure in the second stage. After the conversion, the problem
became a mixed integer linear problem and was solved by CPLEX. To demonstrate
the necessity of the study and validate the model and solution method presented,
numerical experiments for the two-stage method with [MGSL] and a greedy method
were conducted and analyzed. The comparison shows that the two-stage method
with [MGSL] can reduce another 15.6% ship emission costs in the planning period.
The two-stage method with [MGSL] is superior to the greedy method because it
considers the ship route operations at different periods simultaneously, while the

greedy method focus on each period at a time.
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Chapter 5

Summary and Future Research

5.1 Conclusions

This thesis focused on the government act on the promotion of the two emission
reduction technologies adopted in maritime transportation: shore power and LNG
as marine fuel. The main body of this thesis consists of three parts. The first part
considered a port authority that aims to improve the utilization rate of the shore-side
shore power system. With such target, the port decides to provide a favorable shore
power price and subsidy for each time shore power is used. Given the shore power
price and subsidy amount, ship operators decide whether to use shore power or not.
With the help of historical data of ship visits, we made an closer approximation of
ship visits in a coming year than previous studies. Faced with the great number of
scenarios of ship visits in a year, we reformulated the model and made the model
tractable by taking advantage of knowledge of mathematical statistics and binomial
distributions. Summarizing the results of extensive numerical experiments, we have
come up with useful managerial insights for port authorities to maximize their net
benefits, which equals the environmental benefits achieved by the using of shore
power and the subsidy expenditure.

The second part investigated the government subsidy plan optimization for LNG

as marine fuel. In this part, considering that a complete LNG bunkering system and
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plenty of LNG-fueled ships are indispensable for achieving an obvious ship emission
reduction through using LNG as marine fuel, the government decides to provide sub-
sidies for both parties. In specific, part of the LNG bunkering station construction
cost and the ship retrofitting cost will be covered by the government in the form
of subsidies. To balance between the subsidy expenditure and the environmental
benefits of emission reduction, the subsidy rates need to be set wisely. A trilevel
model was developed to describe the problem and capture the interrelationships be-
tween decisions of different parties. On the basis of the special problem structure,
the bilevel problem that consists of the port level and ship level was converted into
an equivalent single-level problem. Then the optimal subsidy rates were identified by
an enumeration algorithm. Comparisons between numerical experiments under dif-
ferent subsidy rates show the sophisticated relationship between subsidy expenditure
and environmental benefits. It is also suggested that optimal solution varies with
multiple parameters, and the government should make decisions taking the situation
it confronts into consideration.

The third part explored the optimal LNG bunkering station deployment problem,
given the ports that needs to be equipped with LNG bunkering stations. Owing to
the limited annual budget, the LNG bunkering station construction works have to be
done in several years. Therefore, the ship emission volume in the construction period
will be influenced by the specific construction sequence. The operational decisions of
shipping lines were integrated with decisions on the construction sequence through
a bilevel model. We proposed a two-stage method to first reduce the candidate
strategies that each shipping line may adopt and then convert the problem into a
single-level problem. Comparing the results of the two-stage method and a greedy

method, we proved the effectiveness of our model and solution method.

5.2 Future Research

Based on the above studies, there are several future research directions that can be
explored.

In the first study, we assumed that the availability at the port does not influence
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the decision of ship operators on whether to install onboard shore power facilities,
and therefore only considered the visits by ships equipped with shore power system.
However, in some cases, for example in an inland river area, the subsidy plan of
multiple ports may have the ability to influence the decision of ship operators whose
vessels stick to the area. The collaborative optimization among ports will explore the
impact of such cooperation and obtain the optimal subsidy plan for the port group
to further reduce ship emissions in the area.

In the second study, we assumed that all ports are controlled by the same port
group and therefore sell LNG to ships at the same price. In practice, different ports
act on their own benefits and compete for the share of the LNG bunkering market.
In that case, game theory will be applied in the port level to capture the competition
among ports. Then a new solution method that can solve the more sophisticated
model will be deeded.

The third study demonstrated that the two-stage method we proposed are able to
solve cases with 10 ports and 25 routes, which is near to the practical size. However,
it might be very time consuming for CPLEX to solve cases larger than that, for
instance an inland river area with more ports and more shipping routes operating
on it. On the other hand, large problem size may also influence the reliability of
the results yielded by the solver. Therefore, future research can try to develop more

efficient algorithms to solve the problem in a shorter computational time.
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Appendix A

Model Linearization of |[SP] in
Chapter 3

In the objective function (3.20), there is one nonlinear part, namely the product
of y; wji. The product of A and h*" in constraints (3.9) and the maximum
calculations in constraints (3.10) and (3.11) also need to be linearized. The following
variables are introduced to linearize the model.

Decision variables

Wji variable introduced to linearize the objective function (3.20), Vj € V,Vi €
P;

Y introduced to linearize constraints (3.9), Vj € V,Vk € Pj;

YV binary variable introduced to linearize constraints (3.10) and (3.11), Vj €
V,Vk € Pj;

To linearize the objective function (3.20), we replace y;6;; with éjk, and replace

y;jw;; with wj;. Then the objective function can be rewritten as:

[SP] maxz —(1 — (1/73) Czpl'z + Z (ULNG — ULNG) dj]z] - Z Mjfj (Al)

1€P JjeV NS4

Meanwhile, following constraints should be added:
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wji < Mjy;, Vi€ P,YjeV (A.2)
Dy < wp, Vi € PG €V (A.3)
D > wii — My (1—y)) Vi€ PYj eV (A.4)
Wi < Mj,Vie P,YjeV (A.5)
Constraints (3.9) can be replaced by the following constraints:
T = w4 O — v Y € PV €V (A.6)
v;k < 0k, Yk € P;,Vj €V (A.7)
Wﬁf”“h —q; (1 —0j) < y;k,‘v’k € P},‘V’j ey (A.8)
Vi < T Yk € PLVY €V (A.9)
0< vk <aVkePLVjeV (A.10)
Constraints (3.10) and (3.11) can be replaced by the following constraints:
T > 0,Vk € PjVj €V (A.11)
e < Y = LigeeaRing — maeRing + Mis (1= 73)
k=23,..|Pj|,VjeV (A.12)
R R Rixe —mpRiyg+Mu (1—75) Vi€V  (A.13)
T < Mgy, Yk € PjVj €V (A.14)
e 2w = L Rig — maeRing — Mo (1= 77
k=2,3,..|P)|,VjeV (A.15)
limish > WLT;gT _ Ljy|pj,_|RJL'NG —muRiyg — Mju (1-73),Vj €V (A.16)
T = Lig-1Rlne = minRing = =Mje (1 - 7)

k=23, ..,

ARZERY (A.17)
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waD = L py | Rina — mjRing = —Mj (1—+3),VjeV (A.18)

mheet — L1 Ring — minRing < My, k= 2,3,.., [P} Vi €V (A.19)

J

Leave j j 2 .
TP Lj,’PJ’.’RiNG —mj Rixg < Mjv;, Vi €V (A.20)

V5 =0,1,Vk € P,,Vj € V. (A.21)

In these constraints, My, j € V, k € P} are numbers that are large enough, and the

specific values are as follows.

Parameters '
M; parameter used in constraints (A.15), equals ¢; + Ljx_1Ring +
M Rine Vi € V. k= 2,3, .., |P}|;
M, parameter used in constraints (A.16), equals ¢; + Lj|’P’|R£NG +
|7

mj1 Ring, Vi € V.
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Appendix B

Model Linearization of | M R;- in
Chapter 4

In constraints (4.25) the product of 6, and Wf,f[”"’h is nonlinear and it can be replaced

by #hinish - Neanwhile, the following constraints should be added.

ikt
AR < Mjpbe, Vj € R,V € Pyt =1,..,T (B.1)
s < phimsh i e RVE € Pyt =1,..,T (B.2)
ﬁfgfish > Tﬁcigwsh — My (1—0,),VjERVEEP , t=1,....T (B.3)
RIS < My, Vi € R,VE € Pyt =1,..,T (B-4)

: ~ Finish Finish :
In these constraints, 7;;;"*" is used to replace ;""" and Mjy, is a parameter,
the definition of them are listed as follows.
Decision variable

ﬁﬁi{”“)’h variable used to replace ijtwﬁ"gmh, VieRVke P t=1,..T.

Parameter . ' '

M; the upper limit of ©h7"" equal to W; + Lk 1Giae + minding, Vi €
R, k= 2, ceey ’P/j‘;

M; the upper limit of Wﬁi"“h, equal to W, + Lj,|p/j\§ﬁ1(; +mjlg’iNG, Vi eR.

Constraints (4.26) and (4.27) can be replaced by the following constraints:
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Thsh > 0,Vk € P, s = 2,..., | (B.5)

]ks
mhnish < e — Linoading — mindina + Miks (1= Yigs)
k=2.3,..,|Pi|,s=2,..|5 (B.6)
e " < Wfﬁgfﬁ - Lj’P]’.‘gﬁ\IG —mjging + Mjs (1= 7515) s = 2,18 (B.7)
T < MigsYins, Vi € RV € Plhs =2,..,|S] (B.8)
Wf/f:iSh > Wﬁ/i(ivf,s - Lj,k—lgﬁ\lc; - mjkg/iNG — Mjs (1 - W}ks)
VjieRk=2.3,..|P| s=2.[S (B.9)
WJI:ITSh > Wfﬁfﬂi - Lj‘P’.|§ﬁ\IG —mjiging — Mijis (1 - 7}15)
J J
W] eR,s:Q,...,\Sjy (B.10)
WJI‘:If:a—vle,s - Lj,k—lg{j\l(; m]kg LNG > M (1 - 7]1/65)
VjeR,k:2,3,...,\7>;|,3:2,...,\5j| (B.11)

Wﬁ?ﬁﬁi - lep],"f]ﬁ\m mj1ging = —Mjs (L —7j1,), Vi € R, s =2,...,]S;| (B.12)

Wﬁi‘i”f,s - Ljvk—lgﬁ\TG m]kg LNG < M; ks?’;ks
v;'eR,k:2,3,...,\P3|,3:2,...,\5j| (B.13)
wﬁ;‘ﬁi - Lj]P]'.\f]ﬁ\IG mji1g'ing < M; 15%1157W €ER,s=2,..[5j] (B.14)
Virs =0, L,VE € PiVj € R, s =2,...,|5;]. (B.15)

In these constraints, ’y}ks is a binary variable and Mjy; is a parameter, the defi-
nition of them are listed as follows.

Binary variable

’V;ks binary variable, equal to 1 if ﬂf,‘j“”fs — Lj,k—lgfj\](} — mjkg’iNG > 0,0
otherwise, Vj € V,s = 2,3, ..., |S;| , Vk € P';;
Parameters . '
M equal to Wj + Lj 1Ging + Mirding: Vi € Vik = 2,3, |Pj|,s =

R
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M1 equal to W, + Lj‘P”gS\IG + mjlg’iNG,Vj €eV,s=23,..[S
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Appendix C

Model Linearization of [MGS| in
Chapter 4

In constraints (4.36) the product of aj;s and > (Erine — QEwMpo) (WJL,;‘;“ - Wﬁﬁ”h) +
keP’;

QEnno (Ljrd)ye +mird'ing) is nonlinear and constraints (4.36) can be replaced by

the following linear constraints.
Emjs < Mo, Vi€ Rt =1,...T,s =2,..,|S;] (C.1)
Emjis < Y (Buxa — @Bupo) (mhit® — mhi™") + Q Evpo (ijﬁfzvc + mjkﬂ”ﬁm)
k’G'P/]'
VieR,t=1,...T,s=2,..|S5] (C.2)

Emjs>VjeR,t=1,...T,s=2,...,|S;| — M]b; (1 — ayys)

VieRVjeR,t=1,.,T,s=2,..|S (C.3)
Emjs <MENVjeRt=1,..T,s=2,.15]. (C.4)

In these constraints, M fj; is a parameter, the value of them are listed as follows.

Parameter

M, the upper limit of Em s, equal to QExpo k; Ligtildeging + mikd'inas
cP’;
VieR,s=2,.., |Sj|;
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