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Chapter 1

Introduction

Maritime shipping plays a vital role in global trade, calling for the harmonized engage-
ment of diverse stakeholders, including shipping lines, ports, and multiple logistics service
providers. Fostering collaboration among these stakeholders remains essential for enhanc-
ing operational efficiency, particularly amid the imperatives of bolstering resilience under-
scored by the COVID-19 pandemic and achieving net-zero emissions by 2050. Although
collaborative strategies in maritime transport have been suggested for decades, the research
is still in its infancy stage of conceptual demonstration and needs more support for real-
world operations. At the same time, technological advancements provide new opportunities
for advanced collaboration, but new challenges also come along with them. This thesis
presents a multifaceted exploration of novel collaborative paradigms within maritime and
port operations, and it focuses on contributions based on Operations Research (OR) method-
ologies. This thesis elucidates how collaborative frameworks can drive advancements in
maritime transport, facilitating efficiency gains, resilience enhancement, and progress to-
wards a decarbonized, emissions-neutral future.

This chapter sets the scope and dimensions of collaborative maritime and port operations
discussed in this thesis, introduces the challenges and describes the solutions we propose.
First, Section 1.1 provides the research background. Then, Section 1.2 introduces the scope
and describes the research motivation. Next, Section 1.3 details our research questions, and
Section 1.4 presents the contributions of this thesis. Finally, the outline of this thesis is given
in Section 1.5.

1.1 Background
Maritime transport is a critical component of global supply chains and the world economy,
responsible for more than 80% of worldwide trade and exhibiting a rising trend, even though
there was a 3.8% reduction in 2020 because of the COVID-19 pandemic [1]. The United
Nations Conference on Trade and Development (UNCTAD) states that total seaborne trade
has increased by 2.4% in 2023 and will continue growing for the medium term (2024-2028)
[2]. Indeed, it is conceivable that the maritime shipping sector is shifting towards the dom-
inance of mega-ships and ports, with carriers and ports striving to optimize transportation
capacities.

1
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2 1 Introduction

Figure 1.1: Global container fleet capacity lost to congestion [3]

Over the past few years, the maritime shipping industry has struggled with the challenge
of coping with escalating volumes, resulting in prolonged periods for vessels awaiting load-
ing and unloading at ports. This phenomenon has led to a significant increase in global
shipping capacity lost to congestion, as illustrated in Figure 1.1, with the average reaching
11.1% in 2021, a stark rise from 2.3% in 2019, deteriorated by the impact of the COVID-
19 pandemic. Data from the start of 2022 indicates a continued upward trend, indicating
substantial disruption to the global supply chain. This underscores the need for efforts and
advancements in efficiency and resilience enhancement within maritime shipping.

Figure 1.2 shows the total carbon dioxide emissions in international shipping over the
past decade, depicting a persistent upward trend. As reported by [2], maritime transport is
responsible for 2.8% of all greenhouse gas (GHG) emissions. To achieve the goals outlined
in the Paris Agreement [4], particularly the pursuit of limiting temperature rise to 1.5°C
above pre-industrial levels, calling for urgent action to meet decarbonization and net-zero
targets set forth by the International Maritime Organization (IMO), as emphasized in [2].
In essence, maritime transport finds itself at the forefront of a transition towards a future
characterized by enhanced efficiency, resilience, and decarbonization. This necessitates the
implementation of innovative measures.

Over the last decade, collaborative transport platforms like Uber (Freight), Lyft, Car-
gonexx, Blackbuck, and Quicargo have begun to disrupt the mobility and freight transporta-
tion industry. A general concept of collaboration is “an intentional property that derives
from the shared belief that together the network members can achieve goals that would
not be possible or would have a higher cost if attempted by them individually” [5]. In
the transportation domain, collaboration among multiple stakeholders facilitates the sharing
and coordinating of resources, including vehicles, facilities, and transport requests. In fact,
collaboration has been applied in maritime transport for decades [6], such as in the form of
shipping pools and shipping alliances.
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1.1 Background 3

Figure 1.2: Total carbon dioxide emissions by different vessel types [2]

Table 1.1 summarizes recent maritime projects implemented in practice using the frame-
work of collaborative platforms, presenting their names, users, functions, current status, and
open issues towards more practical trends. Port Community System (PCS) is an electronic
platform that integrates various subsystems, facilitating information exchange among stake-
holders [7], which enables improved coordination of vessel arrivals and port operations,
such as Portbase and OnePort. To reduce GHG emissions, company NAPA provides a Blue
Visby platform to approach the ”Just-in-Time” goal. In recent years, IoT and blockchain
have been integrated with PCSs to address the bill of lading issues, indicating the trends
from PCS towards Physical Internet (PI), such as NxtPort, NextLogic, Nexus, C-port proto-
type, and SmartPORT. Other platforms are based on the sharing economy in the liner ship-
ping market. CargoStream, a centralized collaboration platform for the port supply chain,
is developed to aggregate the needs of shippers and optimize shipping options for specific
cargo. Avantida and EuroTransCon support reusing empty containers from import opera-
tions to export operations. Maersk is deploying a spot booking platform, FreightHub, which
is regarded as an effort to improve freight forwarders’ functionality by offering shippers dy-
namic prices and guaranteed container slots. Similarly, Xchange and iContainers carry out
container exchanges to improve collaboration and simplify the global container trade. E-
shipping Gateway and Landstar, as port-associated truck service platforms, attempt to offer
information on haulage demand directly to truck drivers via smartphone applications.

However, as shown in Table 1.1, there are still open issues relevant to information shar-
ing, business frames, operational details (bundling and synchronizing), regulatory issues,
and technological support. Therefore, in response to the strong demand for extensive col-
laboration within the maritime transport sector and the potential trends toward practical
implementation, academia is tasked with directing its attention to the exploration of novel,
supportive, and promising collaborative strategies.

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_8A



4 1 Introduction

Ta
bl

e
1.

1:
P

ra
ct

ic
al

im
pl

em
en

ta
tio

ns
of

co
lla

bo
ra

tio
n

in
m

ar
iti

m
e

an
d

po
rt

op
er

at
io

ns

N
am

e
U

se
r

Fu
nc

tio
n

St
at

us
O

pe
n

is
su

es
R

P
C

Po
rt

ba
se

Po
rt

of
R

ot
te

rd
am

D
at

a
sh

ar
in

g
fo

rm
or

e
ef

fic
ie

nt
po

rt
ca

rg
o

flo
w

s
✓

Po
rt

as
in

fo
rm

at
io

n
ce

nt
er

s
O

ne
Po

rt
Po

rt
of

H
on

g
K

on
g

D
at

a
sh

ar
in

g
fo

rp
or

tl
og

is
tic

s
st

re
am

lin
e

✓
Po

rt
as

in
fo

rm
at

io
n

ce
nt

er
s

B
lu

e
V

is
by

G
en

er
al

pr
od

uc
t

V
es

se
la

rr
iv

al
op

tim
iz

at
io

n
✓

In
fo

rm
at

io
n

sh
ar

in
g

fr
am

e
Io

T-
bl

oc
kc

ha
in

PC
S

G
en

er
al

pr
od

uc
t

B
ill

of
la

di
ng

op
tim

iz
at

io
n

✓
B

us
in

es
s

fr
am

e
de

si
gn

N
xt

Po
rt

Po
rt

of
A

nt
w

er
p

D
at

a
sh

ar
in

g
fo

rp
or

te
ffi

ci
en

cy
✓

R
eg

ul
at

or
y

is
su

es
N

ex
tL

og
ic

Po
rt

of
R

ot
te

rd
am

Po
rt

su
pp

ly
ch

ai
n

co
lla

bo
ra

tio
n

✓
In

te
rm

od
al

ity
vs

.m
ul

tim
od

al
ity

C
-p

or
tP

C
S

Po
rt

of
L

iv
or

no
Po

rt
su

pp
ly

ch
ai

n
co

lla
bo

ra
tio

n
✓

Po
rt

as
in

fo
rm

at
io

n
ce

nt
er

s
Sm

ar
tP

O
R

T
Po

rt
of

H
am

bu
rg

Po
rt

lo
gi

st
ic

s
st

re
am

lin
e

✓
B

un
dl

in
g

an
d

sy
nc

hr
on

iz
in

g
flo

w
s

C
ar

go
St

re
am

G
en

er
al

pr
od

uc
t

Po
rt

su
pp

ly
ch

ai
n

co
lla

bo
ra

tio
n

✓
B

un
dl

in
g

an
d

sy
nc

hr
on

iz
in

g
flo

w
s

A
va

nt
id

a,
E

ur
oT

ra
ns

C
on

G
en

er
al

pr
od

uc
t

E
m

pt
y

co
nt

ai
ne

rr
eu

se
✓

E
nv

ir
on

m
en

ta
li

ss
ue

s
vs

.c
os

t-
ba

se
d

co
nc

er
ns

Fr
ei

gh
tH

ub
M

ae
rs

k
C

on
ta

in
er

sh
ar

in
g

✓
B

un
dl

in
g

an
d

sy
nc

hr
on

iz
in

g
flo

w
s

X
ch

an
ge

,
iC

on
ta

in
er

s
G

en
er

al
pr

od
uc

t
C

on
ta

in
er

sh
ar

in
g

✓
B

un
dl

in
g

an
d

sy
nc

hr
on

iz
in

g
flo

w
s

E
-s

hi
pp

in
g

G
at

ew
ay

,
L

an
ds

ta
r

G
en

er
al

pr
od

uc
t

Po
rt

-a
ss

oc
ia

te
d

tr
uc

k
ha

ul
ag

e
✓

N
ew

te
ch

no
lo

gi
es

ap
pl

ic
at

io
n

N
ot

e:
St

at
us

:R
:r

ea
liz

ed
;P

:p
ro

to
ty

pe
d;

C
:c

on
ce

pt
ed

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_8B



1.2 Research scope and motivation 5

1.2 Research scope and motivation

Technological advancements in recent years, such as the Internet of Things (IoT), 5G net-
works, big data and Blockchain, have created new opportunities for conventional forms
of collaboration and promoted the innovation of collaborative business frameworks in the
transportation area. Early efforts in collaborative maritime transport were primarily directed
at enhancing the competitiveness of participants [6], with subsequent emphasis shifting to-
wards environmental sustainability and resilience objectives. Given the multifaceted nature
of stakeholders directly and indirectly engaged in maritime transport, our focus is collabo-
ration within the realms of ocean shipping, port operations, and port drayage (from depot to
terminal). Notably, collaborative strategies for inland waterways have been dedicatedly dis-
cussed in [8, 9]. Thus, inland cargo transportation is outside the scope of our collaborative
maritime and port operations discussed in this thesis.

Figure 1.3 conceptualizes the collaborative maritime and port operations discussed in
this thesis, which is scoped by the following dimensions:

Collaboration Types: We categorize the collaboration type based on the relative posi-
tion of participating partners. Following [5], this dimension has mainly considered two
categories: vertical and horizontal. In vertical collaboration, players fulfilling different
transportation parts are now coordinated to synchronize the flow of goods to enhance ef-
ficiency, such as integrating port operations with ship schedules [10]. In contrast, horizontal
collaboration involves participants at the same level of the transportation supply chain who
aim to maximize resource utilization by sharing capabilities and exchanging information
[11]. This type often means pooling resources and information, necessitating strong in-
centives to encourage individual partners to collaborate. Planning challenges in horizontal
collaboration in transportation are frequently related to shared vehicle routing, cost and
profit distribution, and coalition stability.

Involved Stakeholders: Three primary stakeholders are considered to be involved in
collaboratively organizing maritime transport activities: shipping lines, port or terminal
operators, and other transport or logistics service providers. We use different stakeholders
involved to differentiate collaborative relationships and planning models. Shipping lines are
responsible for operating ships transporting cargo across the sea, while ports or terminals of-
fer loading and unloading services to incoming ships. In this research, decision-makers who
provide berths and (un)loading services for the calling vessels are referred to as terminal op-
erators, and those who arrange vessel services before (un)loading vessels at the designated
berth are called port operators. Generally, several terminals are within one port, and if a
central authority organizes their operation, terminal operators can also be referred to as port
operators. In most cases, the term ‘terminal operators’ depicts the stakeholders responsible
for orchestrating ship-port calling operations within this research. Distinctions between port
operators and terminal operators will be explicitly elucidated when necessary. Additionally,
other container drayage service providers (e.g., trucks, rails, and barges) play a crucial role
in connecting port or terminal operations with ocean shipping, and these decision-makers
are also included in the scope.

Objectives: Collaboration has held great promise in achieving the following ambitious
goals in maritime transport. The basic is efficiency improvement. Some existing works fo-
cus on evaluating the impact of collaborative planning on the profit of both individuals and
the community [12, 13], which confirms that collaboration in freight transportation has the
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6 1 Introduction

potential to improve market share and enhance profitability. Then, it is resilience. Collabo-
rative activities increase the system resilience via increased visibility, flexibility, and respon-
siveness [14, 15]. Following the overarching idea that collaboration makes the coalition and
the individual more profitable, more ecological, and less vulnerable to disruptive events,
allowing them to recover easier and faster, the maritime industry can benefit in numerous
ways from developing collaborative transportation systems. The last is decarbonization
towards a zero-emission future. Whereas decarbonization in transportation remains chal-
lenging, there is excellent potential through shared infrastructure based on application and
further development of Artificial Intelligence (AI), Simulation, and OR [16].

Over the past decades, many research efforts have highlighted the significant benefits of
collaboration for maritime transportation chains [17]. Recently, a collaborative port logistics
system framework has been proposed in [18], providing a reference for port supply chain
integration and collaboration.

However, even though collaboration holds great promise in maritime and port opera-
tions, studies that can support operational practices are still limited, scattered, and frag-
mented [19]. Past experiences have shown the challenging nature of this approach, as these
collaborative strategies with new features require additional efforts in collaborative planning
models to guide their effective implementation. Given the recent developments in the col-
laboration of road transportation [10], it is timely to look at how the corresponding academic
research is evolving in the maritime sector. This thesis classifies dimensions and sheds light
on OR methods for collaborative maritime and port operations. Significantly, the thesis
clarifies how collaboration in maritime transport resembles or needs to be distinguished
from problems in other domains of collaborative transportation. When implementing col-
laborative models, it is important to consider the multi-sided interest setting because of the
multiple stakeholders involved, where it is crucial to design clear incentives to motivate po-
tential partners to engage in an ad-hoc kind of collaboration. Consequently, collaboration
incentives should become an integral part of decision support models, and they need to be
developed on an operational planning level and applied dynamically.

The main research gaps for collaboration towards efficient, resilient and decarbonized
maritime transport are identified in Chapter 2, generally with two aspects: novel business
models based on the concept of collaboration and the corresponding development of plan-
ning models to facilitate practical implementation. The dimensions of collaboration type,
involved stakeholders, and objectives outlined above serve as clues for reviewing existing
literature, with specific research gaps detailed in Chapter 2.
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8 1 Introduction

1.3 Research questions

The main research question of this thesis is:

How can collaborative strategies contribute to maritime and port operations towards a
higher level of efficiency, resilience, and decarbonization?

To answer the above question, the following sub-questions are addressed:

Q1: What are the characteristics and key challenges of collaborative maritime and port
operations?

Although the innovative research of collaborative systems with new objectives dedi-
cated to maritime transport just started in recent years, classical collaboration in mar-
itime shipping has been suggested and studied for many years.

In this thesis, we answer this question with a comprehensive survey in Chapter 2.
To address this question, this survey will begin by identifying and classifying the
inherent characteristics of collaborative maritime and port operations through an in-
depth literature review.

Q2: How do OR methodologies contribute to the decision-making of collaborative systems
in maritime and port operations?

Regarding decision-making, OR has provided significant support for collaborative
transportation [20, 21]. More comprehensively and concretely, the survey of [10]
focuses OR contributions on urban freight transportation, including the shared costs
(or profits) allocation for incentivizing collaboration. However, a dedicated litera-
ture survey on collaborative maritime and port operations from the OR perspective is
nonexistent.

In this thesis, we answer this question with a comprehensive survey in Chapter 2. To
address this question, in the survey, we specifically group the optimization problems
in terms of vertical and horizontal collaboration, summarizing the OR contributions
(e.g., innovative models, algorithms, and mechanisms) in dealing with each type of
collaborative optimization problem.

Q3: How does collaboration work as a means for efficient and resilient port operations?

Insufficient information sharing and coordination within maritime and port opera-
tions systems has resulted in significant financial losses and cascading adverse effects
in maritime transport. Moreover, recent supply chain disruptions and crisis responses
(e.g., the COVID-19 pandemic and the Red Sea crisis) have highlighted the impor-
tance of resilience. Thus, there is a growing recognition within the maritime industry
of the necessity for advanced collaboration among diverse stakeholders to elevate ef-
ficiency and resilience.

To answer this question, we examine two types of collaboration — horizontal in
Chapter 3 and vertical in Chapter 4 — to develop proficient collaborative planning
frameworks and demonstrate the resulting enhancements in efficiency or resilience.
In Chapter 3, we will explore a collaborative berth allocation problem for container
terminals based on the collaboration of terminal operators. In Chapter 4, we study an
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integrated berthing planning problem for bulk terminals considering the unavailabil-
ity and stock level constraints, which cooperatively outputs a joint decision on both
berth allocation and inventory management.

Q4: How to generate attractive and stable collaboration?

Real-world collaboration in maritime transport is operated with the involvement of
multiple stakeholders, inevitably involving a trade-off of the interests among par-
ticipants. Besides, players may not be willing to share all the information due to
competition or fraud to manipulate the game. In this regard, it is crucial to design at-
tractive incentives to motivate individual stakeholders to engage in and enable stable
collaboration.

To answer this question, we design a scheme for incentive cost allocations in the
collaborative game in Chapter 5. In detail, we propose a cooperative berth allocation
game based on the horizontally collaborative berth allocation problem. Then, we
develop the core and the nucleolus for cost allocations based on cooperative game
theory. Finally, we plan to propose the algorithms that provide solutions for the core
and the nucleolus. Following the above steps, we aim to formulate a general-purpose
method to obtain cost allocations (the core and the nucleolus) to establish a stable
collaboration.

Q5: How to design green maritime corridors for achieving a decarbonized or zero-emission
future in maritime shipping?

The maritime shipping industry is facing increasing pressure to decarbonize and ulti-
mately zero emission due to the escalating threats of climate change. This urgent need
has inspired the conceptualization of green maritime corridors—a designated network
of shipping routes, ports, and associated infrastructure designed to advocate shipping
practices with low or zero emission. However, establishing green maritime corridors
is still in a conceptual state, and studies from the implementational perspective are
still lacking.

To answer this question, we propose a new mathematical model for the corridor net-
work design and refueling station location problem in Chapter 6.

1.4 Contributions
The contributions of this thesis are summarized as follows:

(1) A comprehensive review of prior research and practical applications concerning col-
laborative strategies in maritime transport, taking a critical look at the challenges and
how OR methodologies contribute. These collaborative systems inherently open up
new spaces for decision-making optimization while simultaneously introducing novel
OR challenges, thereby necessitating the development of innovative models to sup-
port system functionality. This research improves the understanding of collaborative
concepts for maritime researchers and practitioners, and research gaps and agendas
are also identified to catalyze future OR research on innovative collaboration frame-
works [19].
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(2) Establishing mathematical OR models for collaborative systems dedicated to different
areas of maritime and port operations to achieve higher efficiency, resilience, and de-
carbonization towards zero emission [22–24]. Particularly, to achieve net-zero targets
in the future, we provide a first optimization approach for designing green maritime
corridors, guiding policymakers and industry players on the way to successful imple-
mentations [24].

(3) Designing attractive and stable allocation schemes for coalitional costs (or profits).
Based on cooperative game theory, the allocation mechanisms are proposed to make
it clear to individual stakeholders how much they stand to gain to avoid some play-
ers benefiting greatly while some even not, thereby maintaining a stable collabora-
tion. The proposed mechanism design algorithms for collaboration stability provide
general-purpose approaches to achieve attractive and stable cost (or profits) alloca-
tions for collaborative combinatorial optimization problems [25].

1.5 Thesis outline
The outline of this thesis is shown in Figure 1.4.

• Chapter 1 introduces the research subject.

• Chapter 2 addresses research question Q1 and Q2, comprehensively reviewing the
collaborative approaches in maritime and port operations studies.

• Chapter 3 addresses research question Q3, investigating a horizontal collaboration
approach based on terminal consolidation for more efficient and resilient port opera-
tions.

• Chapter 4 addresses research question Q3, exploring a vertical collaboration approach
based on integrating multiple considerations from stakeholders at different levels from
the supply chain perspective for enhancing port operations.

• Chapter 5 addresses research question Q4, aiming to design attractive cost alloca-
tion mechanisms to maintain a stable collaboration and provide a general method for
collaborative forms in both maritime shipping and port operations.

• Chapter 6 addresses research question Q5, defining the corridor network design and
refueling station location problem, supporting green maritime corridor design for de-
carbonization even zero-emission goals in maritime shipping.

• Chapter 7 concludes the thesis and provides further research directions.
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Figure 1.4: The outline of this thesis.

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_12A



PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_12B



Chapter 2

Literature Review of
Collaborative Maritime and Port
Operations

The research topic of this thesis is collaboration towards resilience and decarbonization
for maritime and port operations. In recent years, more research efforts have underscored
the significant benefits of collaboration within maritime transportation chains. To better
understand this topic and identify research gaps, we conduct a comprehensive survey in
this chapter that overviews collaborative approaches in the prior research within the mar-
itime transport sector and discusses the challenges these collaborative systems face. With
that, this chapter addresses research questions: Q1: “What are the characteristics and key
challenges of collaborative maritime and port operations?” and Q2: “How do OR method-
ologies contribute to the decision-making of collaborative systems in maritime and port
operations?”

There are primarily two types of collaboration: vertical and horizontal. In vertical col-
laboration, participants come from different levels from the perspective of supply chains.
The key is synchronizing transport activities at different levels and letting them function as
an integral system. For horizontal collaboration, the focus transforms to cooperating with
different players at the same level to achieve economies of scale. Consistent with this cate-
gory, the remainder of this chapter is organized as follows.Section 2.1 describes the search
strategy for collecting the research papers. Section 2.2 details vertical types of collabora-
tive maritime and port operations, and Section 2.3 addresses horizontal types. Section 2.4
concludes the chapter and emphasizes the key research gaps.

This chapter has been submitted to a journal. 1.

2.1 Searching method
We collect the references in three stages to obtain the relevant literature:

1X. Lyu, K. Tierney, F. Schulte (2024), Collaborative maritime and port operations: A literature review and
roadmap.

13
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14 2 Literature Review of Collaborative Maritime and Port Operations

(1) We search keywords including “maritime shipping” and “collaboration” in the Scopus
database. We also consider the keywords’ synonyms as replacements, such as “collab-
orative”, “cooperation,” “cooperative,” “synchronization”, or “sharing” to substitute
the concept of collaboration. Initially, 568 research papers were included, and then by
limiting the database to the English language and peer-reviewed articles, 299 results
were obtained.

(2) Since we mainly concentrate on the OR methods in collaborative maritime and port
transportation, the corpus of literature is further refined by checking the title and
abstract.

(3) We complement the list by looking through references that they cite or by which they
are cited, with 237 publications in total.

2.2 Vertical collaboration
Maritime transportation relies on a complex chain of interconnected operations, including
sailing between two ports (legs), vessel calls at specific ports, and cargo logistics and oper-
ations within each port. In practice, different stakeholders are involved and organize their
activities independently. This operational independence can lead to inefficiencies from the
supply chain perspective, aggravated by increasing environmental and resilience concerns.
To address these challenges, vertical collaboration, where multiple stakeholders at different
decision-making levels organize their operations cooperatively, has emerged as a promis-
ing solution. However, implementing vertical collaboration in the complex and large-scale
maritime shipping industry takes time and effort. In this section, we aim to answer the
following questions by conducting the literature survey: (i) What forms of vertical collab-
oration are possible among stakeholders in maritime shipping? (ii) What are the potential
positive impacts of such collaboration on efficiency, decarbonization, and resilience? (iii)
What significant decision-making challenges do stakeholders face in each form of collabo-
ration, and how can they be addressed?

We divide activities in maritime shipping into the inter-port and intra-port processes.
Inter-port operations consist of port call procedures involving sailing legs, vessel calls, and
(un)loading vessels at terminals among different ports, which involves cargo flows among
multiple ports. In contrast, intra-port operations refer to multiple logistics activities to move
cargo flows happened at a single port. Given this context, we categorize vertical collabora-
tion into inter-port collaboration for vessel services (Section 2.2.1) and intra-port collabo-
ration for cargo services (Section 2.2.2). An overview of related research papers organized
according to the above categorization is provided in Table 2.1, providing decision problems
for each category, special considerations, and the involved stakeholders correspondingly.

2.2.1 Inter-port collaboration for vessel services

In inter-port collaboration, we identify three main stakeholders for vessel services. The
first is the shipping line, also known as ocean carrier, which specializes in transporting
containerized goods via scheduled vessels along predetermined routes. The second is the
terminal operator providing berths and (un)loading services for the calling vessels. The
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2.2.1 Inter-port collaboration for vessel services 15

third is the decision-maker that arranges different vessel services (e.g., towage by tugboat
or mooring by boatmen) before (un)loading vessels at the designated berth, referred to as
port operator due to the services are provided when the vessel is approaching terminals after
arriving at the port.

Figure 2.1 depicts the vessel services process at the port and outlines the inter-port col-
laboration for vessel services, discussed in vessel calling optimization and vessel berthing
optimization, respectively. Decisions regarding vessel services by various stakeholders are
intricately interconnected. For instance, departure times at each port heavily depend on the
handling rates provided by terminal operators, which directly influence subsequent legs and
port calls. However, real-world scenarios are inherently non-deterministic, with disruptions
occurring frequently. For instance, vessel delays due to port congestion can result in ex-
tended waiting times for towage services. Such delays at one port can propagate along the
routes, leading to unnecessary losses and inefficiencies. Therefore, synchronizing decision-
making processes through effective collaboration holds promise for enhancing overall per-
formance.

Figure 2.1: Inter-port collaboration for vessel services.
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2.2.1 Inter-port collaboration for vessel services 17

Vessel calling optimization

Vessel calling optimization is of great significance for reducing the vessels’ unproductive
waiting time at ports and terminals. Numerous studies integrate port availability factors
(e.g., occupancy, weather, and tidal) into vessel scheduling to approach the case of Just-In-
Time (JIT) operation for calling vessels at the port. More recent research focuses on flexible
voyage speeds by considering the calling terminals’ operating situations such as buffer times
and available time windows [27]. In [26], the voyage speed is optimized according to the
port capacity by synchronizing arrival times for all vessels heading to the same port. A
Blue Visby Solution (BVS) is proposed to dynamically adjust vessel sailing speeds while
ensuring a predetermined service rate at the port and maintaining the vessels’ designated
arrival order.

Collaboration makes decisions bilateral. Some studies work on novel collaborative
agreements wherein shipping lines are empowered to select the calling terminals or the
handling rates at the terminal according to specific criteria negotiated with terminal oper-
ators. In [28] and [29], novel collaborative agreements are introduced wherein shipping
lines are empowered to select the calling terminals for each port of call according to their
specific criteria, including preferred time windows and handling rates. A bi-objective op-
timization model is formulated to balance costs and emissions satisfactorily. Furthermore,
the authors make a valuable contribution by proposing an exact algorithm for solving such
multi-objective optimization problems instead of relying on meta-heuristics. Traditionally,
the handling rates are unilaterally decided by port or terminal operators, while the collabo-
ration makes it bilateral. In [30], a mechanism is designed for the shipping line to choose
whether to pay additional fees for a higher handling rate. The experimental results of [30]
show that the proposed mechanism leads to considerable fuel savings for shipping lines with
a slight increase in service fees paid to the port, and [31] also consider similar compensa-
tion but from the perspective of the utility estimation provided by both shipping lines and
terminal operators.

On top of variable voyage speed and interactive terminal handling decisions, some stud-
ies focus on integrated operational decisions with vessel scheduling in the collaborative set-
ting with port operators. In [33], the authors aim to minimize the total bunker consumption
of the shipping network by optimizing the schedule of port call times. To control the extent
of slow steaming and avoid administrative troubles for ports, the authors limited the number
of port visits that could be rescheduled and introduced penalties for such modifications. In
[32], container allocation is considered cooperatively on legs when making vessel schedules
for the shipping lines, which incorporates both the container shipping and demurrage costs
incurred due to waiting at the port.

Vessel berthing optimization

Various services, including pilotage, towage, and mooring, are provided by different stake-
holders. Such services berthing at one terminal and must be readily available once a vessel
arrives at the port. These pre-services are also involved in the vessel berthing process,
and inefficient service connections between them can cause extra waiting time and corre-
spondingly increase vessel turnaround time at the port. Since [60] stated that a cooperative
port service system is more effective than non-cooperative cases, more recent studies have
started looking at organizing pre-services cooperatively by modeling information exchange
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18 2 Literature Review of Collaborative Maritime and Port Operations

between service-provider departments [34], integrated pilotage and tugging operations plan-
ning [35], and joint decision-making among shipping lines and multiple port pre-service
departments [36]. In [34], the information exchange between the port’s pilotage and towage
service departments is modeled to the case of the Port of Rotterdam, leading to waiting time
savings of up to 30%. In [35], pilotage and tugging operations are considered simultane-
ously to schedule vessel movements within the port before berthing operations. An exact
algorithm based on constraint separation is presented to solve the proposed MIP model to
minimize vessel waiting time at the port. In [36], a collaborative planning model of loading
operation planning and channel traffic scheduling is proposed for dry bulk export ports.

The Berth Allocation Problem (BAP) is one of the most critical problems for terminal
operators, involving deciding on when and where to (un) load the vessels. The solution
of the BAP can influence the shipping lines’ voyage indirectly. Many studies examine the
collaborative BAP with the involvement of shipping lines. In most academic research on
berth allocation, the vessels’ arrival time is often regarded as a fixed parameter, while it can
be varing in the collaborative setting [37]. Then, an enhanced BAP model is proposed by
allowing terminal operators to offer calling time windows to shipping lines [31, 38].

Inefficient yard container staking can result in significant container rehandling opera-
tions, leading to increased costs for container terminals and longer turnaround times for
shipping lines. Thus, terminal operators need to coordinate yard container stacking for
berthing optimization [39, 40]. In [39], an Integer Linear Program (ILP) model is proposed
to minimize the relocations in the terminal yard. The study also considers the quay-side
shifts of containers generated in the subsequent ports in the vessel stowage plan. Similarly,
the authors of [40] define a Flexible Ship Loading Problem (FSLP) in which the terminal
operator has the authority to select the container to be loaded in each slot according to a
roughly class-based stowage plan provided by the shipping line.

2.2.2 Intra-port collaboration for cargo services

The cargo movement within a port involves various transport operations after or before the
cargo is loaded into (or unloaded from) vessels, leading to ITT. This section focuses on
studies related to vertical collaboration within the context of intra-port collaboration. Three
types of vertical intra-port collaboration for cargo vessels are identified: coordination of
multiple transport processes, synchronization of ITT, and the port gate control and TAS.
Specifically, as introduced in Chapter 1, we only consider the connection between the port
gate with the hinterland transportation, and the hinterland transportation after leaving (or
before entering) the port is outside the scope of our collaborative maritime and port opera-
tions discussed in this thesis. Thus, for convenience, in the following paragraphs, we refer
to trucks that move within a yard area as internal trucks, and those transporting cargo from
depots to the terminal or vice versa as external trucks.

Due to the involvement of multiple logistics activities, effective coordination is of sig-
nificant importance. Figure 2.2 illustrates the detailed intra-port cargo transport process.
As is shown, after being unloaded from the vessels, imported containers are transported
to a container yard near their following transshipment location before being transported to
their hinterland destination by trucks, trails, or barges. We show that cargo can be handled
at multiple positions in port terminals, though not necessarily at all, aiming to cover more
potential connection situations at the port.
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Coordination of multiple transport processes

A vast number of papers published have focused on studying integrated planning problems
occurring on the land side of the port, such as berth allocation and quay crane scheduling
[41], berth and yard template for deterministic setting [42] and uncertain considerations
[43], synchronization of multiple handling facilities from the perspective of the whole ter-
minal [44]. Recently, studies have incorporated new features associated with advanced
handling facilities [45, 46] and integrated planning with automation technology [47–49].

In [45], the container operation by coordinating Tandem Quay Cranes (TQCs) with
internal truck scheduling is investigated. TQCs are a new type of quay crane that can lift
either four 20-foot containers or two 40-foot containers simultaneously. However, due to
physical restrictions of the TQC, the containers carried by the calling vessel must be in two
neighboring rows at the same tier, and the arrival of trucks that can carry these containers
at the quayside must be synchronized to avoid unnecessary waiting for each other. In [46],
the type of next-generation cranes that can provide services from both sides of the vessel
and catch four containers at a time is considered. For ports in the transition phase from
traditional cranes to the new type, the authors of [46] develop a joint scheduling model of
two types of cranes. In [48], the authors study the integrated scheduling of quay cranes
(QCs), yard cranes (YCs), and Automated Guided Vehicles (AGVs) at a partial automatic
container terminal layout. The work of [48] only aims at the vessel loading process, while
the work of [49] further incorporates both loading and unloading processes, reflecting more
realistic characteristics of the automated container terminals. In [47], a new synchronous
loading and unloading mode is formulated to a bi-level programming model, in which the
equipment loads or unloads two containers during a round-trip operation.

Synchronization of Inter-Terminal Transport

As ports are the central meeting points connecting global freight shipping, many modal
shifts happen by using the port as the intermediate hub, especially with the built-up of
multiple terminals, such as deep-sea, rail, and barge terminals. This motivates ITT research
regarding moving containers and cargo between organizationally separated terminals within
a port [61]. This section focuses on coordinated planning among terminal operators and
truck, rail, and barge operators within the scope of ITT, discussing the synchronization of
multimodal transportation that happened in ITT.

The literature mainly focuses on improving the connection between the quay and the
multimodal terminal, such as sea-rail [50, 51] and sea-barge [52] intermodal transportation.
In [50], container handling operations by internal trucks, gantry cranes, and yard cranes are
coordinated to achieve efficient ITT. In [51], the authors explore methods for optimizing the
dispatch of ITT vehicles that move cargo between terminals with the objective of minimiz-
ing operational and delay costs for containers. In [52], a study on container transshipment
terminals by integrating the berth and yard allocation with the schedule of the mother and
feeder vessels is presented to reduce unnecessary ITT. By integrating ITT with handling
operations, in [53], intermodal planning by incorporating the scheduling of vessel arrival,
handling operations, and train departure is considered to facilitate seamless connections.
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Truck Appointment Systems

The worsening port gate congestion is giving rise to many issues, such as prolonged waiting
times for truck carriers and environmental pollution. The chaotic arrival of external trucks is
the primary cause of gate congestion at the port. Recently, some studies, focusing on truck
scheduling [54, 56] and arrival appointment [55], have demonstrated TAS as an effective
solution to balance external truck arrivals with the internal workload of the port. In [54],
a truck management strategy is proposed to optimize the time window allocated to truck
groups by terminal operators. In [55], the authors explore the effects of implementing a
booking system to reduce port gate congestion by flattening truck arrival times. In [56], a
model where truck companies can update their appointment applications and the terminal
responds in real-time is developed to make the model more practical.

Empty container management, including coordinating the external truck arrival with
ITT vehicles [59] and enhancing container stacking plans with truck arriving announcement
[57, 58], is also studied in the context of a collaborative strategy between terminal operators
and truck carriers via TAS.

2.2.3 Summary

Section 2.2 overviews the past studies on vertical collaboration in maritime and port op-
erations, showing the significant potential of developing collaborative systems in maritime
shipping. However, new features supported by technological advancements (e.g., real-time
information sharing) open space for innovative collaboration systems, and new models are
required even for conventional problems. Therefore, this thesis aims to explore new frame-
works of vertical collaboration and decision-support models that can improve the efficiency,
resilience, and decarbonization of maritime and port operations.

2.3 Horizontal collaboration

Based on the participants involved, we identify four conventional forms of horizontal col-
laboration in maritime and port operations: shipping alliances formed by shipping lines,
port coalitions formed by port operators, terminal collaboration among terminals within
one port, and container drayage collaboration formed by logistics service providers. By
engaging in horizontal collaboration, participants can use joint storage facilities, exchange
or pool transport requests, and share the transport vehicles to maximize capacity utilization
to provide service to leverage the potential economies of scale [10].

Involved participants in collaboration face a series of crucial decisions. First, they need
to decide whether to join a collaboration. This problem can be concluded as selecting a
coalition to join or selecting partners to form an alliance. Second, they must formulate
collaborative agreements to optimize shared resources. Third, a reasonable mechanism to
share costs or profits is necessary, which will also influence the formation of collaboration.
Following this logic, the following section is organized as follows: the formation of col-
laboration in Section 2.3.1, the optimization of shared capacity in Section 2.3.2, and shared
costs or profits allocation in Section 2.3.3.
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Table 2.2: Relevant studies on the formation of horizontal collaboration

Problem Alliance ReferenceS P T

Partner
selection

Selection standards ✓ [62] [63]
✓ [64]

Competition and
cooperation

✓ [65] [66]

✓ [67] [68] [69]

✓ [70] [71]

Motivation
establishment

Quantative comparison
with and without

collaboration

✓ [72] [73]

✓ [74] [75] [76]

Collaborative
investment

✓ [77] [78]

✓ [79] [80] [81]

Note: S: shipping alliance; P: port coalition; T: terminal collaboration

2.3.1 Formation of collaboration

We report the relevant studies in Table 2.2, organized along two directions: partner selection
with co-opetition analysis and motivation establishment. Reasonable profits or cost-sharing
can also incentivize the formation of collaboration, and it will be discussed specifically in
Section 2.3.3.

Partner selection and co-opetition analysis

At the formation stage, selecting a coalition or partners is important. This decides whether
the collaboration can be established directly. There are some empirical studies on partner
selection standards for shipping alliance [62, 63] and port collaboration [64].

However, in certain situations, competitors may also engage in collaborative efforts.
Since [82] outlined the internal competition as the key factor that adversely affects the level
of mutual trust within the shipping alliance, strategic analysis of competition and coopera-
tion dynamics has been widely studied, known as the term co-opetition, in shipping alliance
[65, 66], port coalitions [70, 71], and terminal collaboration [67–69].

Motivation establishment

Some papers focus on quantitative comparisons with and without joining the coalition,
showing the potential benefits of collaboration. In [72], the relationship between vessel-
sharing strategy and environmental performance is investigated by developing two MIP
models to decide fleet deployment and container allocation under two scenarios with and
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without vessel sharing, and the experimental results indicate significant profit enhancement
and emission mitigation. In [73], the advantage of vessel-sharing strategy is further exam-
ined in quantitatively improving empty container reuse and reducing drayage costs. In [74],
the dynamics of terminals’ individual profit and their willingness to cooperate are analyzed.
In [75], empirical research on facilitating terminal coalitions is conducted at the Hong Kong
Port, consisting of five terminal operators. [76] investigate the effects of sharing berth re-
sources among terminals within one port using scenario simulation.

Some papers study the investment strategy to guide potential partners on whether and
when to form partnerships. According to [77], the optimal investment strategy within al-
liances requires minimizing the number of ships required to serve the shipping network.
They demonstrate extra financial benefits of carriers by incorporating competitive intensity,
competitors, rate volatility, and fuel efficiency into the investment analysis. In a subsequent
study of [78], low profitability and frequent alliance changes are further considered by de-
veloping a simulation model. In response to disasters, a game-theoretical model is proposed
by [79] to investigate the strategic investment strategy of disaster prevention for multiple
ports in the same region. In [80] and [81], the resilience of ports in the face of disasters is
investigated through cross-port investments and capacity sharing in port collaboration.

2.3.2 The optimization of shared capacity
While forming alliances is recognized as a promising strategy, operating such a collaborative
system effectively and efficiently presents significant challenges. Multiple papers contribute
to optimizing shared capacity to maximize resource utilization. We introduce collaborative
models categorized by shipping alliance, port coalitions, terminal collaboration, and con-
tainer drayage collaboration. Table 2.3 presents the optimization problem, the information
shared (full or limited) between partners, and the goals to achieve (profit maximization, cost
minimization, decarbonization, and service level) in the literature.
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Shipping alliances

The shipping alliance is a group of ocean carriers that join to create cooperative agreements.
Over time, slot chartering and container sharing have become prevalent within shipping
alliances, wherein carriers share slot capacity and (empty) containers on similar routes.

One relevant decision is the slot allocation problem, which allocates vessels’ slot space
for containers delivering shipments from the loading port to the discharging port on a given
service route, see the work of [83–86]. In [83], an IP model is developed for slot co-
allocation among carriers at the operational planning level to maximize the total revenue of
the alliance. The model considers different container types between multiple port pairs on
the shipping route. In [84], a multi-objective mathematical model is proposed to maximize
total revenues and vessel capacity utilization simultaneously. The study of [86] aims to
optimize the available space allocated to each alliance member. They incorporate stowage-
plan requirements into their optimization approach, considering the presence of hazardous
containers that impose additional constraints on shared vessel capacity allocation.

The slot and container sharing strategy opens opportunities for improving other rele-
vant planning problems, such as flexible shipping network [87, 88] and collaborative vessel
scheduling [89, 90] under the slot-sharing among carriers. In [87], a novel MIP model is pro-
posed to address the liner shipping fleet deployment and repositioning problem (LSFRDP),
enabling shipping alliances to establish flexible shipping networks in response to fluctua-
tions in market demand and seasonal changes in the global economy. In [88], the authors
study the fleet repositioning problem (FRP) by incorporating the optimization of freight
rates and port selection to achieve maximum utility in revamping services. The model of
[88] contributes to a more resilient shipping network that can effectively respond to uncer-
tain and dynamic demands. Motivated by the operational practices of a prominent Asian
container shipping company, in [89], the vessel scheduling problem under the slot-sharing
agreements among carriers is studied by proposing a simplified model that can be managed
by MIP, ignoring carriers’ individual concerns, such as cargo types and priority. In [90], the
shipping network is optimized by rescheduling the port call times based on accounting for
vessel-sharing agreements and the coordination of feeder vessel services.

With the emergence of autonomous technology, the vessel train concept has been created
as a new type of collaboration in the shipping alliance [91]. Typically, the vessel train
comprises one leader vessel and several follower vessels that are virtually linked to moving
closely behind each other using automation. In this setting, individual vessels can join
and leave the vessel train at places adjacent to their points of origin and destination at the
seaside or inland waterside, and vessels following the leader vessel are expected to run with
significantly reduced crew staff. Therefore, it requires autonomous vessel marshaling from
the operational planning perspective [92]. In [93], a MIP model is developed to decide
when and where to join and leave the vessel train for individual vessels in a hub-and-spoke
network. This study can be considered a crucial step toward the real implementation of
vessel trains by autonomous freight ships.

Port coalition and terminal collaboration

Ports perform as the hub of maritime shipping, and one of their major tasks is to provide
(un)loading services for the calling vessels. Inter-port collaboration can refer to collabora-
tion among multiple ports in a particular region or along a specific trade route. Considering
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that a port may have many different terminals, and independent operators can operate these
terminals, we specifically consider the cooperation of terminals within a port as terminal
collaboration. In the context of port coalitions and terminal collaboration, different ports
(terminals) can work together to provide the service, potentially sharing the information of
the calling vessels and facilities to fully use port (terminal) resources [115].

For port operators, port capacity can not be moved physically from one port to another
due to geographical restrictions. Thus, relevant studies focus on sharing the service require-
ments of the calling vessels among collaborative ports. For example, the calling vessels
can call at the coalitional ports instead of waiting at the initially planned port. Berths are
significant resources that can impact port capacity directly, therefore, which obtained much
research interest, see the work of [38, 94, 95]. In [38], a multi-port BAP allowing vessels
to change the calling sequence of the port is proposed, which indicates the port coalition
among ports along the predefined route. Then, a discrete and a continuous berthing layout
of BAP are explored in [94] and [95], and an exact method based on the branch-and-price
algorithm for large-scale discrete BAP and an adaptive large neighborhood search (ALNS)
heuristic for continuous setting are developed, respectively.

For terminal operators, many papers focus on shared resource allocation for terminal
collaboration, such as berths, internal trucks, and yard space. In [96], a BAP model allow-
ing vessels to transfer to another terminal is first proposed to minimize the total service time.
In [97], a berth allocation and quay crane assignment problem (BACAP) is considered in
a collaborative setting of the intra-port coalition, where the ITT cost caused by vessel re-
assigning between terminals and the vessel tardiness reduction is balanced in the objective
function. In [22], the transshipment operations between feeder vessels and mother vessels
are incorporated when implementing vessel reassignment in BACAP within the concept of
terminal collaboration. The study of [67] formulates a conceptual BAP model under un-
certainty using the collaborative approach. In [98], a decentralized cooperative method is
developed for BAP by grouping individual carriers and sharing information among group
partners.

In terms of intra-port facility sharing, in [99], numerical experiments are conducted
for resource-sharing strategies among five terminals of Hong Kong Port, evaluating the
terminal performance improvement concerning costs, service level, and operation efficiency
by terminal collaboration. Besides quay-line resources, the land-side facility sharing among
terminals within one port also receives increasing research interest. In [100], a collaborative
internal truck scheduling problem is studied using a simulation optimization method. In
[101], a multi-objective MIP model for internal truck allocation in ITT is developed based
on truck sharing among terminals.

Container drayage collaboration

The container movement by trucks (or other vehicles, such as AGVs) between a customer’s
depot location and a container terminal is defined as the container drayage operation [116].
Container drayage operations account for a significant portion of the total cost in maritime
container shipping. Typically, the independent organization of container pickup and delivery
incurs many unproductive trips.

Although collaboration is not mentioned directly, many papers optimize truck schedul-
ing based on pooling or clustering different container drayage requests. In [102], a truck
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scheduling problem is studied in container drayage operation with multiple depots and ter-
minals, which is graphically formulated into a multi-depot asymmetric multiple traveling
salesman problem with time windows (m-TSPTW) whose objective is to minimize the total
transport time of all trucks. In [103], the authors develop a deterministic annealing algo-
rithm and demonstrate its satisfying performance on both results and computation time. In
[106], a new variant of the vehicle routing problem (VRP) is developed with clustered back-
hauls into a linear programming formulation, where the deliveries (importers) in each route
must be satisfied before pickups (exporters). In [110], a collaborative approach to internal
truck scheduling for container drayage is proposed based on TAS by capacity sharing among
trucking companies to reduce the transportation of empty trucks, which reduces costs and
emissions. The work of [110] offers new insights into the traditional TAS, focusing on
reducing congestion at seaports and truck turnaround times.

In terms of empty container sharing, in [104], the authors further incorporate the empty
container sharing so that the empty depot belonging to one truck company can also serve
other truck companies if the budget is reduced. In [105], an exact column-and-row gen-
eration approach embedded in a branch-and-price framework is proposed to accelerate the
solving process of the mathematical model.

For innovative modes, studies of [107] and [108] use tractors and trailers to transport the
container, in which the tractor and the trailer can be separated and connected with each other.
Other than sharing the requests, the empty containers are also shared among stakeholders
who issued the transport requests. In [109], the productivity improvement of a collaborative
tractor-and-trail mode in US container drayage operations and its reduction impact on air
emissions is evaluated.

The concept of truck platooning has recently also gained heightened interest. A truck
platoon is formed by a leading truck followed by a set of trucks using semi-automated tech-
nologies. The flexibility of platooning, such as multiple types of marshaling and empty
container sharing, can significantly reduce costs and emissions of container drayage op-
erations [117]. To make a platoon mode more flexible, the work in [112] enhances the
coordination between the platoon and other transportation modes by allowing the trucks
connected initially to their respective leading trucks to move to alternative transport modes
for performing subsequent tasks, and in [114], a new approach is proposed base on applying
AGV platoons to fulfill container drayage requests.

2.3.3 Shared costs and profits allocation

Incentives for individual partners are crucial for forming a coalition and maintaining collab-
oration stability. Costs or profits allocation problems, referred to as payoff allocation, have
been widely investigated from a game theoretical perspective in collaborative freight and
logistics. Because the potential co-opetition mainly exists in horizontal collaboration, most
relevant studies are aimed at horizontal collaboration rather than vertical collaboration. In
Table 2.4, we categorize the studies by the approaches they applied to allocate payoffs, and
we also report the properties of the allocation method and indicate whether the study consid-
ers a centralized or decentralized way. Although there are no substantial studies exclusively
aiming at maritime shipping, some theoretical methods appear inspiring for collaborative
maritime and port operations, and thus we also include these studies.
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Table 2.4: Payoff allocation in collaborative transportation

Method Type Property Area ReferenceC D F S U G M

Shapley Value ✓ ✓ ✓ ✓ [118] [119]
✓ [94]

Core ✓ ✓ ✓ [120] [121]

Nucleolus ✓ ✓ ✓ ✓ [122]
✓ [25]

Derived method ✓ ✓ ✓ ✓ [123] [124]
✓ [125] [126]

Comparison ✓ ✓ ✓ ✓ ✓ [127] [128]
✓ [129]

Core ✓ ✓ ✓ This thesis
Nucleolus ✓ ✓ ✓ ✓ This thesis

Note: Type: C: centralized; D: decentralized; Property: F: fairness; S: stability; U: uniqueness; Area: M: maritime;
G: general freight transportation)

Cooperative Game Theory

In the cooperative game theory, Shapely Value, the Core, the Nucleolus, and the derivative
methods based on these concepts are widely applied to horizontal collaboration stability and
fairness problems [21].

The directly relevant studies on maritime and port operations are limited, see [25, 94,
125, 126, 129]. Much more work is found within a broad concept of transportation while
inspiring a lot for promoting collaboration in maritime transport, and we briefly conclude
them as follows: Shapley Value for fairness [118, 119], The Core for stability [120, 121],
The Nucleolus for maximum stability [122], and other derived approaches [123, 124]. No
method is shown to be better than the others, depending on the application case. Thus, some
papers compare the above-introduced costs or profits allocation methods, see [127, 128].

2.3.4 Summary

Section 2.3 overviews the past studies on horizontal collaboration in maritime and port
operations. Similarly, this thesis aims to explore innovative forms of horizontal collabora-
tion in maritime shipping. Most existing studies assume that the collaboration has already
been established, ignoring the incentives and stability of the collaboration. Thus, other than
collaborative planning models, this thesis also aims to provide methods for incentivizing
individual members to join the partnerships.

2.4 Conclusions

This chapter comprehensively reviews the collaborative approaches in maritime and port
operations studies. We identify and analyze key collaboration types, main stakeholders,
and the corresponding collaborative planning models with OR techniques. It addresses our
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research question Q1: “What are the characteristics and key challenges of collaborative
maritime and port operations?” and Q2: “How do OR methodologies contribute to the
decision-making of collaborative systems in maritime and port operations?”

To reap the benefits of collaborative strategies for maritime shipping, innovative forms
and new supporting models to deal with more efficient, advanced, and flexible collaboration
are still required.

The research gaps are identified as follows:

1. Resource-sharing collaboration inherently opens up new spaces for decision-making
optimization while simultaneously introducing novel OR challenges. For terminals,
berths and quay cranes are both crucial resources, and their capacity limits the effi-
ciency of port operations. Therefore, it is imperative to propose innovative collab-
oration forms and develop corresponding planning models. Further, to enhance the
resilience of maritime shipping, models with more practical considerations are re-
quired in response to disruptions. In Chapter 3 and 4 of this thesis, we address this
gap. In detail, we investigate an innovative berth planning approach based on hori-
zontal collaboration in Chapter 3, and an integrated berthing model is proposed as a
complement to the forms of vertical collaboration in Chapter 4.

2. From the practical standpoint, it is imperative to identify effective incentive schemes
of collaboration at the profit-based level, with a focus on the interests of individ-
ual stakeholders, to ensure collaboration stability. Specifically in horizontal collab-
oration, the collaborative members are often competitive simultaneously. In such a
setting, collaboration incentives become essential to decision-support models for col-
laborative planning. These models need to be developed at an operational planning
level and applied dynamically. Game Theory has been demonstrated effective for
many collaborative freight transportation problems, while the application dedicated
to the maritime domain is very limited. In Chapter 5, we bridge this research gap by
designing attractive and stable allocation schemes.

3. Existing studies mainly focus on optimizing the slow steaming of vessels and port
handling operations to reduce unnecessary fuel costs, thereby contributing to decar-
bonization. Although this approach has proven effective, its impact remains con-
strained in its capacity to reduce emissions. The ambitious goal of “carbon-neutral”
by 2050 urges governments, researchers, and maritime practitioners to pay close at-
tention to decarbonization towards net-zero emissions. In Chapter 6, we address this
gap by providing operational support for establishing green corridors and proposing
a new concept based on applying green fuels (e.g., liquid natural gas, hydrogen, am-
monia, and so on) to achieve zero emissions in maritime shipping.

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_21A



PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_21B



Chapter 3

A Collaborative Berth planning
Approach for Disruption
Recovery

As Chapter 2 concludes, to enhance the resilience of maritime shipping, it is important to
explore innovative collaboration forms and develop corresponding planning models with
more practical considerations in response to disruptions.

This chapter addresses the research question Q3: “How does collaboration work as a
means for efficient and resilient port operations?”. For terminals, berths and quay cranes
are both crucial resources, and their capacity limits the efficiency of port operations. To
ally different terminals to share berthing resources is a promising solution to further im-
prove efficiency and enhance resilience. Therefore, this chapter investigates a collaborative
variant of the berth allocation recovery problem which focuses on the collaboration among
terminals and transshipment connections between vessels.The results from the performed
computational experiments, considering multiple scenarios with disruptive events, show
consistent improvements for the suggested collaborative strategy.

This chapter is organized as follows. Section 3.1 introduces the research background.
Section 3.2 presents the related literature, and Section 3.3 explains the model formulation.
Section 3.4 develops the SWO-based heuristic, and Section 3.5 conducts computational ex-
periments. Section 3.6 gives managerial implications. Section 3.7 presents the conclusions,
summarizing the major findings.

This chapter has been published in IEEE Open Journal of Intelligent Transportation
Systems 1.

3.1 Introduction
International maritime trade has been greatly increasing over the last decades, and the
global container port throughput reached its peak, 811.2 million Twenty-foot Equivalent

1X. Lyu, R. R. Negenborn, X. Shi, F. Schulte, A collaborative berth planning approach for disruption recovery,
IEEE Open Journal of Intelligent Transportation Systems 3(2022) 153–164.
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Units (TEU) in 2019 [1]. These large volumes require efficient and robust quay-side opera-
tions for the calling vessels. Providing a quick and reliable berthing plan while minimizing
costs and congestion is important for both shipping lines and terminal operators. Because
changing the configuration of terminals (e.g., extending the quay) needs a rather expensive
investment, improving the efficiency of available berths and quay cranes is essential for
terminals to remain competitive. The berthing plan determines when and where to load or
discharge containers for the calling vessels as well as the number of quay cranes to be allo-
cated. Generally, terminal operators form a weekly berthing plan before the calling of ves-
sels. However, there are frequent disruptions (e.g., vessel arrival delay or extreme weather)
hindering the execution of the initial plans. Thus, uncertainties cannot be ignored, and a
well-functioning berthing plan should incorporate both efficiency and disruption recovery
[130].

Current research deals with uncertainties from two main perspectives, namely proactive
and reactive. Proactive strategies focus on anticipating the uncertainty and variability of the
real-world scenarios before the disruption [131, 132]. These scenario-based research are
important in the long run, but terminal operators also need instant decision-making support
[133]. Thus, this chapter studies reactive strategies that aim to make quick and effective
responses to disruptions. Reviewing the literature on reactive strategies, researchers tend
to prioritize larger vessels in response to disturbances, but they mostly ignore the implied
transshipment connections between vessels. Containers that are discharged from one vessel
and then loaded on another vessel may delay the transshipment because of the uncoordinated
berth planning. Moreover, during major disruptions, some calling vessels have to wait a long
time until the berths and quay cranes are idle.

Collaboration has been identified as a win-win strategy for both collaborating terminals
[134], especially when terminals confront major disruptions. This strategy reduces the wait-
ing time of disrupted vessels by allying different terminals to share berthing resources, that
is, allowing the calling vessels to transfer to other terminals. Vessel transfer between termi-
nals may cause much inter-terminal and intra-terminal cost, but it can relieve the congestion
caused by disruptions in the current terminal.

Cooperative decisions and collaboration among terminals have been considered in the
berth planning problem in [97, 135]. To the best of our knowledge, studies on collabo-
rative berth planning among terminals are limited, not to mention the disruption manage-
ment model. In addition, authors of [134, 136] consider transshipment connections between
feeder and mother vessels under deterministic assumptions. However, research has not yet
investigated disruptions for the berthing plan from this more realistic perspective, that is,
considering transshipment connections and the collaboration among terminals together.

In this chapter, we develop a collaborative berth planning model for terminals in re-
sponse to disruptions. BAP is an NP-hard problem, and commercial solvers cannot find
optimal solutions in an acceptable time for large-scale instances of the problem. Therefore,
we propose Squeaky Wheel Optimization (SWO)-based metaheuristic and conduct com-
putational experiments that demonstrate that the new collaborative approach can yield cost
savings of up to 40% for disruption recovery. The main contributions of this chapter are as
follows:

1. We propose a new reactive berth allocation and quay crane assignment problem from
a more practical perspective, which considers transshipment connections between
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feeder and mother vessels. Furthermore, we incorporate the collaboration among
terminals by allowing vessels to transfer to other terminals in response to major dis-
ruptions;

2. We establish a new Mixed Integer Non-Linear Programming (MINLP) model for the
proposed problem, and then we linearize it;

3. We design a dedicated, efficient, and effective SWO-based metaheuristic to solve
large-scale instances of the proposed mathematical model, which can obtain near-
optimal solutions within the limited time;

4. The reactive and collaborative berth planning method provides new insights on ter-
minal operators to better respond to disruptions.

3.2 Related work

Traditional berth planning for vessels to call at the container terminals requires making a
sequence of decisions. To support the decision-making process, researchers have developed
various models and methods based on operation research techniques, especially the integra-
tion of the problems, namely, the Berth Allocation and Quay Crane Assignment Problem
(BACAP) and Berth Allocation and Quay Crane Scheduling Problem (BACSP). Readers
may refer to [41, 137, 138] for comprehensive reviews. In bulk terminals, there are also sim-
ilar decision-making problems, such as the integration of berth and ship-unloader allocation
[139], and the coordination of rake schedule and stockyard operation [140]. The problem
addressed in this paper can be referred to as the BACAP including when and where to con-
duct loading and unloading operations with how many quay cranes for each calling vessel.
Relevant studies can be found firstly in [141]. The authors divide the scheduling method
into the berth-scheduling phase and crane-assignment phase. In the berth-scheduling phase,
the duration of berthing time is directly determined by the number of allocated quay cranes
and the subgradient optimization technique is proposed to find a near-optimal solution. The
result is applied as the input in the crane-assignment phase. Then some more practical
considerations and algorithms have been incorporated in BACAP. In [142], the authors con-
sider the different rates of quay cranes because their productivity can be reduced by the
interference among quay cranes. Meta-heuristics of Tabu Search (TS) and Squeaky Wheel
Optimization (SWO) are proposed to obtain near-optimal solutions. In [143], the authors
loose the restriction on not allowing adjustment of quay cranes during the loading or unload-
ing operation and increase the restrictions on the operation range of quay cranes. In [144],
the authors propose a coupling BACAP to minimize not only the service time of vessels but
also the number of quay crane shifts. In [145], the authors consider tide factors in berth
allocation. In [146], the authors consider a longer planning horizon and propose the tacti-
cal BACAP. In [147], the authors especially consider that the demand for quay crane hours
is increasing with the deviation from the desired berthing position. As for the heuristics,
other than mentioned above, Adaptive Large Neighbourhood Search (ALNS) is proposed
in [148]. In [149], the authors focus on the exact algorithm for BACAP. An exact Branch-
and-Price (BP) as well as several accelerating schemes have been proposed and examined
to outperform commercial solvers.
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34 3 A Collaborative Berth planning Approach for Disruption Recovery

The research above is based on deterministic information of calling vessels, while many
uncertainties exist in reality. In [150], the authors analyzed the key factors associated with
the efficiency of seaside logistics based on the case of the Indian shipping logistics sector.
Their work contributes to getting researchers connected with the practical scenarios. Com-
pared with the extensive literature on berth planning under normal conditions, the studies on
responding to disruptions (e.g., uncertain vessel arrival time and quay crane breakdown) are
limited. These topics related to the robustness and resilience of maritime logistics systems,
however, are now generating considerable recent interest. In response to disruptions, there
are two mainstream approaches: proactive and reactive. Some proactive concepts and mod-
els have been designed for robust planning to disturbances. In [151], the authors insert time
buffers between vessels allocated to the same berthing position to obtain more adjustment
flexibility under disruption. In [152], the authors extend the time buffer to vessel-specific
buffer times to chase for a higher robustness performance. In [153], the authors propose a
robust initial berth plan which incorporates not only anticipation of the uncertainty of arrival
time and handling time but also possible recovery cost under practical disruption scenarios.
The concept is further applied in [154] which considers both uncertain vessel arrival times
and quay crane handling rates. In [132], the authors develop a bi-objective model by min-
imizing the average and the total service time simultaneously. In [155], the authors firstly
propose an initial plan which especially considers quay crane productivity and formulate a
robust optimization model with price constraints to deal with the uncertainty of quay crane
handling time. For container terminals, a higher degree of robustness generally means a
higher possibility of underused berth or quay crane resources. Thus, some studies directly
relevant to this paper study the reactive approaches, which means making recovery deci-
sions once the disturbances occurred. Its focus is to mitigate the adverse effects brought by
disruptions. In [133], the authors formulate quay crane rescheduling model and berthing
position reallocation model according to the degree of disruptions. In [156], the authors
consider the early dispatch service under disruptions for some vessels that require early de-
parture and the corresponding profits can be seen as the compensation for recovery cost. In
[157], the authors propose a recovery berth plan based on the scheme of updating arrival
and handling time in real time. In [158], the authors also regard the baseline schedule as a
reference and propose a Mixed-Integer Programming (MIP) to minimize the cost incurred
by the deviation from the baseline. In [136], the authors additionally consider the transship-
ment connection between feeder and mother vessels during the recovery process and try to
avoid the delay of transshipment flows caused by disruptions.
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36 3 A Collaborative Berth planning Approach for Disruption Recovery

Berths and quay cranes are both precious resources in container terminals and the con-
figuration cannot be changed in short-term horizons. Thus, under major disruptions, the
responding strategy has to sacrifice the turnaround time of vessels because of the limita-
tion of resource capacity. To overcome this, some models of collaborative planning by
increasing the collaboration among multi-user terminals have been proposed. In [135], the
authors develop a joint berth scheduling through cooperation between adjacent terminals
when an unexpected shutdown happened in a terminal. A decentralized mechanism is pro-
posed based on the flexible scheme of transfer payment adjustment. In [97], the authors
propose a new mathematical model for BACAP in a multi-user terminal in which the trans-
fer of vessels to other terminals is allowed through collaboration among them. In [38], the
authors propose a collaborative berth planning based on strong collaboration between port
terminals and shipping lines from the perspective of the shipping network. For all sailing
legs between the nodes in the network, the speed of each vessel can be optimized to reduce
total fuel consumption.

Although the concept of collaboration has been applied in liner shipping studies, most of
them view the berth allocation at a strategic or tactical management level. There is limited
amount of research considering collaborative berth planning from the operational level in
response to disruptions. As is shown in Table 3.1, this paper addresses the reactive BACAP
that incorporates the transshipment connections between vessels and collaboration among
terminals by allowing vessels to transfer to other terminals. Delay of vessel arrival time
and handling time, quay crane breakdown, and unexpected shutdown of the terminal are
considered in scenario analysis to testify our model and metaheuristic.

3.3 Problem definition

In this section, we first present the reactive BACAP allowing vessels to transfer to other ter-
minals in the context of major disruptions, in which the transshipment connections between
feeder and mother vessels are simultaneously considered. Next, we introduce the MINLP
model for generating a recovery plan with the minimized cost of deviation from the original
one. Assumptions that are in line with the practice needed in our study are listed as follows:

1. The operation process for each vessel is conducted without interruption, which means
quay cranes are not allowed to move to other vessels when they are at work.

2. The number of quay cranes that work on the same vessel simultaneously is restricted
by a minimum number and the maximum number. The minimum number is based on
the agreement between terminal operators and vessel companies, and the maximum
number is limited by technical operation requirements.

3. This paper considers a continuous BAP at container transshipment terminals, which
involves the import, export, and transshipment operations.

4. This paper is based on the setting of multi-user terminals. Dedicated terminals are
not considered in the proposed problem because the resources cannot be shared for
the dedicated terminals that belong to one exact shipping company.
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Figure 3.1: Initial berthing plan under the disruption

3.3.1 Problem description

Consider the scenario where the disruptions (e.g., vessel arrival delay, quay crane break-
down, and so on) make the initial berthing plan into trouble, affecting the loading or dis-
charging operations of one or a few vessels. As illustrated in Figure. 3.1, the delay of the
initial plan for Vessel 2 causes the plan for Vessel 4 invalid, and some adjustment for the
initial plan is needed. For container terminals, rescheduling the berthing plan at a lower cost
as well as reducing the disturbance to the whole system incurred by disruptions is important.
Thus, the objective of the studied reactive berthing problem mainly considers minimizing
the cost of space deviation and time deviation from the original plan.

For some instances where exist transshipment connections between vessels, the delay of
operation for vessels has to be specially considered. As shown in Figure. 3.2, the transship-
ment from Vessel 2 to Vessel 7 cannot be fulfilled as planned, which causes unnecessary
holding costs of the delayed containers. In Figure 3.3, the transshipment between Vessel
2 and Vessel 7 can be satisfied by adjusting Vessel 3 and Vessel 7, which is at the cost of
a higher deviation from the initial plan. Facing major disruptions, as shown in Figure 3.4,
Vessel 2 is also allowed to transfer to other terminals to eliminate the disturbance to the
current terminal. However, reassigning vessels to other terminals incurs the extra cost of
inter-terminal and intra-terminal transportation. For simplicity, we refer to the terminals
that vessels could be transferred to from their original ones as complementary terminals.

As mentioned above, the post-disruption berthing plan needs sophisticated decision-
making support. The challenge is how to make a trade-off between the deviation cost, the
transshipment delay cost, and the transfer cost. Thus, the objective function in this paper
consists of three parts. The first part presents the deviation cost of berthing position and
the tardiness of departure time. The second part considers the penalty cost of transshipment
delay between vessels. The third part regards allowing vessels to transfer to other terminals.
The number of quay cranes is also reassigned during the process simultaneously.
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38 3 A Collaborative Berth planning Approach for Disruption Recovery

Figure 3.2: Reactive berthing plan without considering the transshipment connection

Figure 3.3: Reactive berthing plan considering the transshipment connection
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Figure 3.4: Reactive berthing plan by transferring Vessel 2 to the other terminal

3.3.2 Model formulation
Following the notation of the earlier paper [136], we define the notations for mathematical
modelling in this chapter at Table 3.2.

Based on the above notations, the reactive model for the collaborative berth planning
problem is formulated as follows:

min z = ∑
i∈V

c1gi|bi −b′i|

+ ∑
i∈V

c0(CT ′
i −CTi −M ∑

p∈P
kip)

+

+ ∑
i∈V

∑
j∈V

c2di jλi j + ∑
i∈V

∑
p∈P

cp
3gikip

(3.1)

Subject to:

c1gi|bi −b′i| ≤ M(1− ∑
p∈P

kip) ∀i ∈V (3.2)

∑
p∈P

kip ≤ 1 ∀i ∈V (3.3)

∑
i∈V

kip ≤ MAXp ∀p ∈ P (3.4)

∑
t∈T

γit =CT ′
i −ST ′

i ∀i ∈V (3.5)

ARi ≤ ST ′
i <CT ′

i ∀i ∈V (3.6)

ST ′
i ≤ γitt +M(1− γit) ∀i ∈V, t ∈ T (3.7)

CT ′
i ≥ γit(t +1) ∀i ∈V, t ∈ T (3.8)
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Table 3.2: Notation of sets, parameters, and decision variables used in Chapter 3.

Notation Explanation

Sets

V set of all vessels, V = {0,1, · · · , |V |}.
V1 Set of mother vessels, V1 ⊂V .
V2 Set of feeder vessels, V2 ⊂V .
T Set of one-hour time periods, T = {0,1, · · · , |T |}.
I Set of transshipment flows, I = {0,1, · · · , |I|}.
P Set of complementary terminals, P = {0,1, · · · , |P|}.

Parameters

c0 Time cost of delay for each period.
c1 Unit cost of horizontal moving of containers.
c2 Penalty cost for missing of transshipment flow.
cp

3 Extra cost incurred by transferring a vessel to terminal p ∈ P.
li Length that vessel i ∈V will occupy.
bi The berthing position of vessel i ∈V in the initial plan.
di j 20-ft equivalent units required to be operated from vessel i ∈V to vessel j ∈V .
wi QC capacity demand by vessel i ∈V given as number of QC-hours.
qmin

i Minimum number of QCs needed to serve vessel i ∈V .
qmax

i Technically maximum number of QCs allowed to serve vessel i ∈V .
MAXp Maximum number of vessels that can be transferred to terminal p ∈ P .
gi Total 20-ft equivalent units required to be loaded or discharged on vessel i ∈V .
∆ The time interval of preparing for transshipment operation.
ARi Actual arriving time of vessel i ∈V .
STi Initial operation start time of vessel i ∈V .
CTi Initial operation completion time of vessel i ∈V .
Q Total number of available QCs in the terminal.
L Length of the quay.

Decision variables

b
′
i Actual berthing position of vessel i ∈V .

xi j ∈ {0,1} 1 if vesseli ∈V is berthed on the left of vessel j ∈V in the space dimension,
and 0 otherwise, i ̸= j.

yi j ∈ {0,1} 1 if vessel j ∈V is berthed after the operation of vessel i ∈V in the time dimension,
and 0 otherwise, i ̸= j.

γit ∈ {0,1} 1 if at least one QC is assigned to vessel i ∈V at timet ∈ T , and 0 otherwise.
λi j ∈ {0,1} 1 if transshipment flow from vesseli ∈V to vessel j ∈V is missed,

and 0 otherwise,i ̸= j.
kip ∈ {0,1} 1 if vessel i ∈V is transferred to terminal p ∈ P,

and 0 otherwise.
ST

′
i ≥ 0 Actual operation starting time of vessel i ∈V .

CT
′

i ≥ 0 Actual operation completion time of vesseli ∈V .
qit ≥ 0 Number of QCs assigned to vessel i ∈V at time t ∈ T .
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∑
t∈T

qit ≥ wi(1− ∑
p∈P

kip) ∀i ∈V (3.9)

∑
i∈V

qit ≤ Q ∀t ∈ T (3.10)

M(γit −1)−qit < 0 ∀i ∈V, t ∈ T (3.11)

qit ≤ Mγit ∀i ∈V, t ∈ T (3.12)

qit ≥ 0 ∀i ∈V, t ∈ T (3.13)

qit ≥ γitqmin
i ∀i ∈V, t ∈ T (3.14)

qit ≤ qmax
i ∀i ∈V, t ∈ T (3.15)

b′i + li ≤ b′j +M(1− xi j)+M ∑
p∈P

kip ∀i ∈V, j ∈V, i ̸= j (3.16)

CT ′
i ≤ ST ′

j +M(1− yi j)+M ∑
p∈P

kip ∀i ∈V, j ∈V, i ̸= j (3.17)

xi j + x ji + yi j + y ji ≥ 1−M ∑
p∈P

kip ∀i ∈V, j ∈V, i ̸= j (3.18)

M(λi j −1)− (CT ′
i +∆−ST ′

j )< M ∑
p∈P

kip ∀i ∈V, j ∈V, i ̸= j (3.19)

Mλi j − (CT ′
i +∆−ST ′

j )≥−M ∑
p∈P

kip ∀i ∈V, j ∈V, i ̸= j (3.20)

λi j ≤ M(1− ∑
p∈P

kip) ∀i ∈V, j ∈V, i ̸= j (3.21)

0 ≤ b′i ≤ L− li ∀i ∈V, j ∈V (3.22)

xi j ∈ {0,1} ∀i ∈V, j ∈V (3.23)

yi j ∈ {0,1} ∀i ∈V, j ∈V (3.24)

λi j ∈ {0,1} ∀i ∈V, j ∈V (3.25)

γi j ∈ {0,1} ∀i ∈V, j ∈V (3.26)

kip ∈ {0,1} ∀i ∈V, j ∈V (3.27)

ST ′
i ≥ 0 ∀i ∈V (3.28)

CT ′
i ≥ 0 ∀i ∈V (3.29)

The above equations are further developed based on [136] and [130]. The objective
function (3.1) aims to minimize the total cost of the reactive berthing plan. This cost in-
cludes spatial deviation from the initial plan, departure tardiness, penalties for transship-
ment delays between correlated vessels, and extra costs from reassigning vessels to collabo-
rative terminals. Constraint (3.2) states that the deviation cost and transshipment delay cost
for Vessel i can be avoided by collaborating with other terminals. Constraint (3.3) limits
that there is only one chance to transfer to another collaborative terminal for each Vessel i.
Constraint (3.4) satisfies the terminal p’s maximum number of receiving the vessels being
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transferred from other terminals. Constraints (3.5)-(3.8) show the definition of the berthing
end time of Vessel i and the berthing start time of Vessel i. Constraint (3.9) ensures that
the QC-hour requirements for Vessel i can be met after adjustment. Constraint (3.10) en-
sures that the number of QCs assigned at time t does not exceed the total available number.
Constraints (3.11)-(3.14) restrict the relationship between variables qit and γit . Constraints
(3.15) restricts the maximum number of QCs that can be assigned to each Vessel i. Con-
straint (3.16) denotes the relationship between berthed vessels in the dimension of space.
Similarly, constraint (3.17) states that relationship in the time dimension. Constraint (3.18)
ensures that no overlapping exists in berthing time and berthing position. Constraints (3.19)
and (3.20) are the definition of λi j. Constraints (3.22) states the berthing position limitation
by the length of quay line. Constraints (3.23)-(3.29) specify the range of decision variables.

The terms of calculating deviation of the berthing position and tardiness of the departure
time in the objective function (3.1) and constraint (3.2) are nonlinear. Thus, they need to be
linearized by defining an additional decision variable θi = |bi −b′i| and ξi = (CT ′

i −CTi)
+.

The related additional constraints are defined as follows:

θi ≥ b′i −bi −M ∑
p∈P

kip ∀i ∈V (3.30)

θi ≥ bi −b′i −M ∑
p∈P

kip ∀i ∈V (3.31)

ξi ≥CT ′
i −CTi −M ∑

p∈P
kip ∀i ∈V, p ∈ P (3.32)

θi ≤ M(1− ∑
p∈P

kip) ∀i ∈V (3.33)

ξi ≥ 0 ∀i ∈V (3.34)

θi ≥ 0 ∀i ∈V (3.35)

Therefore, the reactive model for collaborative berthing plan problem can be reformu-
lated as a mixed integer linear program as follows:

min z = ∑
i∈V

c1giθi + ∑
i∈V

c0ξi

+ ∑
i∈V

∑
j∈V

c2λi jdi j + ∑
i∈V

∑
p∈P

cp
3gikip

(3.36)

Subject to Constraints (3.3) - (3.35).

3.4 Solution approach

The BAP has been recognized as an NP-hard problem. Compared with BAP, the proposed
reactive berthing plan problem extends to consider vessel transfer between terminals and
vessel-to-vessel transshipment as well as quay crane assignment, which should also be an
NP-hard problem. Exact solution are only achievable for small-scale instances and maybe
not practical for solving large-scale problems. SWO has demonstrated effective perfor-
mance in solving related problems (as described in Section 3.2) whose objective function
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consists of multiple individual elements. In this work, the objective function represents the
total cost for rescheduling the berthing plan after disruptions, which can be decomposed
into the cost of each vessel during the rescheduling process. Therefore, the SWO-based
heuristic method is developed.

3.4.1 SWO-based heuristic framework

Figure 3.5: Principle of the SWO Algorithm

The idea of the SWO-based heuristic approach is to search solutions through two-phase
(construction phase and priority phase) in two spaces: priority space and solution space, as
shown in Figure. 3.5. In the studied problem, a point in the priority space denotes an order
of vessels for resource allocation and a homologous point in the solution space represents
the potential solutions. The construction phase is to find a set of feasible solutions under
the given processing order for vessels, and then update the point in the priority space by
priority phase, in which the order of vessels is reassigned according to the cost of each
vessel. The principal is the vessels with higher costs are assigned a higher priority. SWO
schemes to explore better solutions via a coherent shift in the priority space and solution
space iteratively. The outline of the solution framework is presented in Algorithm 1.

Algorithm 1: General framework of the SWO-based heuristic
1: Initialization: baseline parameters relevant to BAP
2: repeat
3: Construction phase: obtain feasible solution (b

′
i,CT

′
i ,kip)

4: Calculate the individual cost zi:

c1gi|bi −b′i|+ ci
0(CT ′

i −CTi)
++ c2 ∑

j∈V
di jλi j

5: Priority phase: generate a new order inseq
′

6: until Termination criteria
7: Stop

Output: (b
′
i,CT

′
i ,kip), and zi
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3.4.2 Construction phase
The procedure in the construction phase is shown in Figure. 3.6. In Step (a) the iteration
number is counted. In Step (b) and (c) the berthing position of Vessel i is set as the baseline
and the berthing time is set to the actual arrival time. If the available number of quay
cranes is larger than qmin

i , in Step (d) the number of quay cranes is allocated to Vessel i to
handle the vessel as fast as possible until Constraint (3.9) holds. If the available number of
quay cranes is less than qmin

i before satisfying Constraint (3.9), the quay crane assignment
stopped. Postponing the berthing time in Step (e) and the quay crane assignment is then
reallocated by returning to Step (d), which incurs a longer waiting time for Vessel i after
arrival but guarantees no deviation of the berthing position. Certainly, the waiting time
should not be too long so if it exceeds the limitation, a new berthing position is generated
in Step (f) and return to Step (c). Because the large deviation of the berthing position from
the original one means the great cost of horizontal moving of containers, the new berthing
position is restricted in[bi− libi+ li]. After the quay crane assignment of Vessel i is finished,
the completion time for Vessel i can be fixed and one vessel has been arranged already.
Then check whether the vessel overlaps with other vessels in the space-time diagram. If
there is no overlapping, compare the cost of rescheduling Vessel i with transferring Vessel
i to other terminals, choose one with less cost in Step (g). Arrange next Vessel i

′
until all

the vessels have been inserted. Otherwise, the arrangement of Vessel i will be processed
again from the new generation of berthing positions. Once the berthing position and quay
crane assignment for all vessels are determined, the total cost can be calculated according to
function (3.1). Then return to Step (a) to start the next iteration until the maximum iteration
times. Finally, the construction phase returns the best-found solutions under the current
given order of vessels.

3.4.3 Priority phase
The point of the priority phase is to find a neighborhood sequence for the given order of
vessels. The basic idea is swapping the sequence of two vessels if the higher priority ves-
sel makes less contribution regarding overall cost than the lower priority one: choose two
Vessels i and j from the last iteration, compare the objective value zi and z j. If Vessel i
is inserted before Vessel j and z j ≥ zi, then these two Vessels i and j should be swapped
and a new order is generated accordingly. An example is shown in Figure. 3.7. Generally,
the concept of SWO is to figure out the ‘bottle neck’ elements which contribute a relatively
large proportion to the objective value and then to give them higher priority during resource
allocation to search for better solutions. Thus, after the priority phase, the vessel with the
largest cost obtained in the construction phase should have the highest priority in the new
order of vessels and so on.

3.5 Computational study
The SWO-based heuristic is running on a PC with 1.70 GHz CPU and 8 GB RAM under
C++ environment. The mathematical model is solved by CPLEX12.8 and running time is
reported in seconds. In this section, the instance generation and experimental parameters
are introduced firstly. And then we design comprehensive computational experiments in
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Figure 3.7: Priority phase

order to assess the efficiency and effectiveness of the proposed mathematical model and the
SWO-based heuristic.

3.5.1 Generation of instances

The detailed attributes of three-vessel types (Feeder, Medium, and Jumbo) are generated
according to Table 3.3. In addition, the number of transshipment containers between feeder
and mother vessel di j is generated in accordance with industry standards. The number
of the collaborative terminals is distinct in different scenarios, but it is not more than 5.
We restrict the number of collaborative terminals to no more than 3. The post-disruption
BACAP planning horizon is one week (168 h) and the length of the quay side is set as
3250m. The time interval for preparing for transshipment between vesselsδ is 10. Other
parameters related to the cost are set as c1 = 0.01, c2 = 0.2, c0 = 30. The terminated
iteration number of the SWO heuristic is 1000.

Table 3.3: Vessel types and related attributes

Types li(m) wi(qc*hour) qmin
i qmax

i TEU

Feeders U[8,21] U[4,15] 1 2 U[500,3500]
Mother-Medium U[21,30] U[15,36] 1 4 U[3500,5000]
Mother-Jumbo U[30,40] U[36,48] 3 6 U[5000,7500]

3.5.2 Results on small-scale instances

Table 3.4 presents the total cost given by SWO-based heuristics and CPLEX (with the model
proposed in Section 3). The instances include 15 vessels, in which 5 mother vessels, 10
feeder vessels and the number of transshipment flow between feeder and mother vessels
is 10. The proportion of vessels facing operation delays due to disruptions is 20%, 40%
and 60% and their delay time is set as 5, 10, 15 respectively. For the results obtained by
CPLEX, the objective value is denoted by zMIP and the computational time is reported. For
the SWO-based heuristic, we report the similar information and the total cost during the
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post-disruption rescheduling is denoted by zSWO. The last column in the table represents the
gap percentage between the MILP solution and SWO solution, which is calculated by:

|ZSWO −ZMIP|
ZMIP ×100% (3.37)

As shown in Table 3.4, the proposed SWO-based heuristic is able to obtain high quality
solutions for the small-scale problem with 15 vessels and 10 transshipment flows between
vessels.

Table 3.4: Results of SWO-based heuristic with Cplex

Delay
Proportion

Instance
Id

Delay
hours

Cplex Swo Gap
zMIP Time zSWO Time

20%
Data I1 5 622.6 0.8 622.6 3.84 0%
Data I2 10 772.6 0.73 772.6 3.06 0%
Data I3 15 944.2 0.46 944.2 3.02 0%

40%
Data I4 5 672.6 0.67 672.6 2.99 0%
Data I5 10 1309.34 0.96 1309.34 4.88 0%
Data I6 15 1559.34 0.69 1559.34 4.82 0%

60%
Data I7 5 822.6 0.75 822.6 2.98 0%
Data I8 10 1609.34 0.75 1609.34 4.91 0%
Data I9 15 1122.6 0.57 1122.6 2.95 0%

3.5.3 Improvement from allowing vessels transfer to collaborative ter-
minals

We also conduct some experiments to testify the effectiveness by allowing vessels to transfer
to collaborative terminals when disruptions happened. As shown in Table 3.5, we generate
four instance sets with different number of vessels and it varies between 15, 21, 28, and 40,
for example, there are 28 vessels in Set 3, in which 8 mother vessels, 20 feeder vessels, and
20 transshipment connections occur.

Table 3.5: Instance parameters

Instance |V | |V 1| |V 2| |I|

Set 1 15 5 10 10
Set 2 21 6 15 30
Set 3 28 8 20 40
Set 4 40 10 30 60

Four disruption scenarios are generated. In Scenario 1, 30% of vessels are delayed to
be operated because of vessel arrival delay and quay crane breakdown. The proportion
is 35%, 40% and 50% in Scenario 2, Scenario 3 and Scenario 4 respectively. Set1-01
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Table 3.6: Results of SWO-heuristic with and without considering collaboration between
terminals

Instance IDWithout collaboration With collaboration Improvement
(3)Total cost(1) Time Total cost(2) Time

Set1-01 2490.80 3.00 2055.76 11.12 17.47%
Set1-02 2810.80 2.83 2597.26 5.91 7.60%
Set1-03 3450.80 2.99 2964.90 11.74 14.08%
Set1-04 4090.80 4.86 3822.28 7.76 6.56%
Average - - - - 11.43%

Set2-01 2935.80 3.43 1759.35 13.11 40.07%
Set2-02 3255.80 3.67 2592.28 10.62 20.38%
Set2-03 4513.40 3.56 3480.48 14.07 22.89%
Set2-04 4193.40 3.75 3821.80 10.59 8.86%
Average - - - - 23.05%

Set3-01 3485.80 5.92 2498.51 19.07 28.32%
Set3-02 4061.80 6.10 3074.51 19.44 24.31%
Set3-03 4701.80 6.10 3691.23 19.49 21.49%
Set3-04 4893.80 7.16 4431.96 20.37 9.44%
Average - - - - 20.89%

Set4-01 6850.68 8.98 4674.82 32.43 31.76%
Set4-02 6474.27 8.59 5626.80 29.90 13.09%
Set4-03 7114.27 8.55 6266.80 29.85 11.91%
Set4-04 8097.70 8.57 7226.80 30.27 10.75%
Average - - - - 16.88%
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(a) Without collaboration

(b) With collaboration

Figure 3.8: Total cost with collaboration and without collaboration
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Figure 3.9: Percentage of cost savings in four scenarios by considering collaboration

means the instance Set 1 under Scenario 1. The results obtained by the SWO-heuristic
with and without considering collaboration between terminals are presented in Table 3.6
and Figure. 3.8. The percentage of cost savings of four sets in four scenarios are obviously
shown in Figure. 3.9. During the post-disruption rescheduling process for berthing plan,
allowing vessels to transfer to other terminals can help to save 40% of the total cost at most.
Thus, it is concluded that considering vessels transfer between terminals via collaboration
is meaningful in response to disruptions.

3.5.4 Parameter sensitivity analysis

The unit cost of horizontal moving of containers c1 and penalty cost for delaying transship-
ment flow c2 affect the final results. Hence, we analyze the two parameters to show their
influence on the objective function. In Figure.3.10(a), c1 is set from 0.01 to 0.08, c2 is
kept at 0.1. It is shown that c1 has a slight impact on objective function in Set 1-3 while a
relatively significant influence in Set 4. These results show that larger container terminals
are more sensitive to the price for horizontal container moving. In Figure. 3.10(b), c1 is
set as 0.01 while c2 varies from 0.2 to 0.8. The results show that c2 has a larger impact
on the objective function than c1. For container terminal operators, they can estimate the
corresponding recovery cost according to the different penalties of transshipment delay, so
as to make reasonable decisions on disruption recovery.

3.5.5 Measuring the cost of resilience

The recovery cost with collaboration is lower than without collaboration, which means the
terminal operators pay less in response to disruptions by considering collaboration. To
some extent, cost savings can be used to measure resilience. Thus, we applied the metrics
proposed by [164]:
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(a) Impact of parameter c1

(b) Impact of parameter c2

Figure 3.10: Impact of parameter c1 and c2 on the objective function

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_32A



52 3 A Collaborative Berth planning Approach for Disruption Recovery

R =
∑

d
u Cu(t)−∑

d
u ∑m Cm

u (t)−∑m Cm(t)

∑
d
u Cu(t)

(3.38)

Here, ∑
d
u Cu(t) is the summation of recovery cost at time t under disruption d without

any resilience mechanism and ∑
d
u ∑m Cm

u (t) represents the corresponding sum of recovery
costs with resilience mechanism m. ∑

d
u ∑m Cm

u (t) is the cost associated with the investment
of mechanism m. R values from 0 to 1. R = 1 implies perfect resilience while R = 0
implies less resilience to disruption. In this paper, we can simplify (3.38) into the following
formulation:

R =
∑

d
u Cu(t)−∑

d
u Cwc

u (t)

∑
d
u Cu(t)

(3.39)

In our case, the mechanism is considering collaboration among terminals and the in-
vestment associated with the mechanism (extra cost incurred by transferring a vessel to
terminal) has been calculated into the recovery cost ∑

d
u Cwc

u (t). Figure.3.11 shows different
R under different instances from Set1 to Set4.

Figure 3.11: Different R under different instance set

3.6 Discussion
In this paper, we propose a collaborative berth planning approach to decide when and where
the calling vessels should be berthed and which quay cranes should be assigned after dis-
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ruptions occurred. With computational experiments considering four disturbance scenarios
and we obtain several managerial insights for terminal operators and policy implications for
handling disruptions at ports:

1. Our experiments show that the average cost savings brought by collaboration among
terminals are in the range of 11.43%-23.5%. Therefore, terminal operators should
consider establishing some forms of collaboration to allow integrated berthing plans
to minimize disruptions and reduce recovery costs. For instance, in some disruption
cases where the number of berths or quay cranes fails to satisfy the calling vessels,
some vessels could be transferred to other terminals. Of course, the extra cost caused
by transferring vessels depends on the agreement with the collaborative terminals and
there is a trade-off between service level and service cost for the disrupted terminals.

2. The percentage of cost savings in scenario 1 where the delayed proportion is 30%
is greatly higher than in scenario 4 that is 50% disturbance. The results are reason-
able because it is difficult to recover the berthing plan when the terminal gets into
disruption. But in most cases, for instance, when the disturbance percentage is less
than 50%, it is important to take measures at the operational level to prevent the ter-
minal from getting congested. Otherwise, terminal operators need to resort to some
high-level planning measures (e.g., speeding up vessels or changing the calling ports),
which will involve more adjustments.

3. The proposed SWO-based metaheuristic is able to provide effective decision support
for terminal operators within 60 seconds, which is meaningful in practice because
compared to predicting the occurrence of disturbances, a rapid post-disruption recov-
ery plan is more needed.

4. In the proposed approach, the operation time for each vessel is affected by the number
of allocated quay cranes to reflect the systematic nature of the berth planning problem.
Thus, terminal operators should employ an integrated mathematical model to make
decisions, for instance, the integrated berth allocation and quay crane scheduling.

5. Traditional rules for disruption recovery such as First-Come-Fist-Service and Large-
Vessel-First cannot work well in practice, especially in container transshipment ter-
minals [156]. The delayed containers that should be transshipped between feeder and
mother vessels in this period not only occupy the resources of terminals but also incur
extra costs. Thus, terminal operators should take into consideration the transshipment
connections when rescheduling the original berthing plan to avoid the implied cost.

3.7 Conclusions
The research trend on berth planning has shifted from deterministic models to models with
uncertainty considerations reflecting the increasing importance of disruptive events in the
real world. In [133] and [154], for instance, the authors propose two disruption recovery
models in response to disruptions according to different scenarios. However, these studies
mostly assume that each terminal makes its own independent plans, that is, the berthing plan
of incoming vessels can only be adjusted within the current terminal when the disruption
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happens. In this work, we propose a collaborative berth planning approach for disruption
recovery that explicitly considers collaboration between the terminals, allowing vessels to
transfer to other terminals and transshipment connection between vessels. For the proposed
MINLP model, the commercial solver, CPLEX, has been used to find the optimal solutions,
and an SWO-based heuristic is presented for treating problems of larger size. Numerical
experiments show that the SWO-based metaheuristic can obtain solutions (near)-optimal
solutions for small-scale problems, and it provides solutions within the time requirements
when the instance size grows. These results add to the research on the berth planning re-
covery problem, confirming the effectiveness and efficiency of the proposed model and
metaheuristic. Most importantly, the experimental comparisons show that the collabora-
tion between terminals helps to save up to 40% of the total recovery cost. Therefore, our
findings indicate that allying terminals to share berthing resources is a potential solution in
response to disruptions. To the best of our knowledge, this is the first work to consider the
transshipment connections between vessels as well as the collaboration between terminals
for berth planning recovery problems. Our results show a significant potential for establish-
ing and exploring forms of collaboration between terminal operators to achieve higher-level
performance on efficiency and reliability.

This chapter proposes a collaborative berth planning approach based on terminal coali-
tions belonging to horizontal collaboration forms, showing its performance in enhancing
resilience in maritime shipping. In the next chapter, the vertical collaboration form regard-
ing the berth allocation problem is identified and the corresponding decision-support model
is developed in Chapter 4.
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Chapter 4

An Integrated Berthing Strategy
for Bulk Terminals with
Unavailability and Stock Level
Constraints

This chapter addresses the research question Q3: “How does collaboration work as a means
for efficient and resilient port operations?” by proposing an integrated berthing strategy
from the vertical collaboration perspective. In this chapter, we explore an integrated berthing
planning problem specific to bulk terminals, where both berth allocation and inventory man-
agement decisions are jointly optimized. This approach considers key operational con-
straints, such as berth unavailability and stock level requirements, ensuring a cooperative
decision-making process that effectively improves port operations.

The organization of this chapter is as follows. Section 4.1 introduces the research back-
ground and Section 4.2 provides an overview of the relevant research. Section 4.3 develops
a mixed-integer optimization model for the hybrid collaborative berth allocation problem
dedicated to bulk terminals. In addition to considering the handling characteristics of bulk
terminals, we also incorporate more practical factors such as unavailability and stock levels.
The objective of the proposed model is to minimize the demurrage fee for all vessels under
consideration of unavailability and stock constraints. In Section 4.4, we use the commercial
software CPLEX to obtain the optimal solutions for a set of distinct instances, explicitly
considering the situation of multiple cargo types on one vessel. Based on the quantitative
results, we also present managerial insights. Section 4.5 concludes the chapter.

This chapter has been published in Proceedings of 13th International Conference on
Computational Logistics [23]1.

1X. Lyu, F. Schulte, Hybrid berth allocation for bulk ports with unavailability and stock level constraints, in:
Proceedings of 13th International Conference on Computational Logistics, Barcelona, Spain, 2022, pp. 3–15.
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4.1 Introduction

Over the past decades, the tonnage of bulk cargo carried by sea shipping has increased
sharply. Based on [165], in 2020, the international dry bulk trade and tanker trade was
8.085 billion tons, accounting for 75.9% of the world’s total cargo load. The ever-growing
demand makes efficient loading or discharging of vessels a great challenge, and it has gen-
erated many research interests recently. Generally, the Berth Allocation Problem (BAP) is
concerned with the optimal decisions on assigning a berthing position and berthing time to
the calling vessels. Operation Research (OR) methods and techniques contribute signifi-
cantly to the BAP in container ports and provide strong managerial support for port man-
agers [166, 167]. However, research dedicated to BAP in bulk ports has received relatively
little attention.

Although the BAPs in bulk ports are similar to those in container ports, some unique
characteristics differentiate them. A significant difference is that the bulk vessels can only
be allocated to the berthing position where the installed handling equipment can serve the
cargo type on the vessel. In other words, berth assignments at bulk ports are more restric-
tive than container ports. In [168], they establish innovative models and solution algorithms
specifically for BAP in bulk ports, which highlights the specific features of bulk port op-
erations, that is, the cargo type of vessels and the equipped handling facilities of berths.
Furthermore, the cargo type restricts the berthing position and influences the service start-
ing and completion time. For instance, specific cargo can be discharged from the vessel only
when its storage places can accommodate the corresponding quantity. The study of [169]
models stock level constraints but not consider the time-variant property of the stock that is
changing with the loading or discharging process. Besides, in [170] and [171], they stress
that the unavailability of berths frequently appears in practice because of extreme weather or
maintenance requirements. However, few studies have focused on the BAP model for bulk
ports with stock level restrictions, let alone combing it with unavailability considerations.

This chapter presents a Mixed-Integer Programming (MIP) model for the hybrid BAP
in bulk terminals, which explicitly considers the constraint of time-variant stock level and
practical unavailability. We use the commercial software CPLEX to obtain solutions for a
set of instances, and the results show the effectiveness of the proposed model.

4.2 Related work

Operational problems related to BAP have been widely investigated within the context of
container ports. For more details, we recommend readers to refer to [41] and [138].

The layout of the terminals is generally categorized as discrete, continuous, and hybrid.
As shown in Figure. 4.1, in the continuous BAP, the calling vessels can berth at any position
along the quay line. In the discrete BAP, the quay line is separated into different berths, and
the calling vessels can only occupy at most one berth. Obviously, the continuous case can
better use the quay, but it also increases calculation complexity. While the hybrid BAP
allows the continuous case and the discrete case to happen simultaneously; thus, it is more
flexible. In Table 4.1, we list the related work on BAP in bulk ports. We group them
according to four feature categories: objective, type, method, and practical considerations.
Two different main objectives are identified: time-based and cost-based. Type refers to three
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Figure 4.1: Three types of the berthing layout.

layouts as illustrated in Figure. 4.1. The solution method can be divided into heuristics or
exact algorithms. The practical considerations include the integrated problem, stock level,
night operation permission, specific cargo type, unavailability, and tidal constraints.

Some studies focus on the optimization of individual berth allocation. In [172], they
model and solve the hybrid BAP in bulk ports to minimize the duration time of all vessels.
In bulk ports, specialized equipment is required to handle specific types of cargo; for in-
stance, liquid bulk is generally discharged using pipelines installed at only certain sections
along the quay. Thus, the BAP model for bulk ports has to incorporate the cargo type on the
vessel and the handling equipment fixed on the berths. The authors propose an exact solu-
tion based on generalized set partitioning and a heuristic method based on squeaky wheel
optimization to obtain near-optimal solutions for the large problem size. Some practical
factors that can influence the decision-making process of berth allocation have been consid-
ered in the literature. The work of [173] and [174] address the continuous BAP considering
the constraints of tides which can influence the departure time of full loaded vessels. Since
the stock level of the specific cargo type must be kept in some range for safety considera-
tion, the decision to load or discharge vessels should also consider stock level. An integer
linear programming model based on discrete BAP is proposed by [169], which considers
not only tidal effects but also the stock level. A Simulated Annealing-based (SA) algorithm
is designed to find reasonable solutions for difficult instances. Then, in [175], the authors
propose a continuous BAP model with the objective to maximize the daily throughput of
the terminal and, at the same time, minimize the delay of ships’ departure. In fact, all the
studies mentioned above aim to minimize the berthed time of vessels. In [171], they present
a discrete BAP with the objective to minimize the costs (demurrage) incurred. The main-
tenance of the berth, another practical factor, is also considered in the model, which means
that some berths cannot receive vessels at a particular time.

The other operational problems are often interrelated to the decisions of berth allocation;
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thus, there are some papers studying integrated BAP. Studies of [136] and [22] focus on the
integrated problem of berth allocation and handling equipment assignment, but they are fo-
cused on container transshipment terminals. In [176], the authors address the integrated
berth allocation with handling equipment assignment. In [139], a Decision Support System
(DSS) is developed for the port authority to make decisions on berth and ship unloader as-
signment to minimize the waiting time, operating time, and ships priority deviation. Studies
of [177] integrate the BAP with yard management by considering constraints of the storage
position in berth allocation operation. Real bulk port data is used to validate the model, and
the results show that the model can work with up to 40 vessels within reasonable computa-
tional time. In [178], the authors discuss how to combine the berth and yard assignment to
be a single large-scale optimization problem with the objective to minimize the total service
time for all vessels berthing at the port. A branch-and-price algorithm is proposed to solve
the integrated problems. A novel machine learning-based system to coordinate the berthing
and yard activities is proposed in [179]. Based on that, they also insert vessel-specific buffer
time to increase the robustness of the results in response to disruption [180]. In [181], the
authors establish a systematical planning model from berth allocation to yard storage in
dry bulk terminals. They also incorporate the tidal time windows in the modal to increase
the applicability of the proposed method in real-world terminals. Following the trend of
sharing economy, some scholars have seen the potential of collaboration among terminals
within one port [182]. The continuous BAP [183] and the discrete BAP [170] are further
studied for multiple continuous quays in bulk terminals.

4.3 Model formulation
This section first describes the berth allocation process in bulk ports and then introduces the
relevant notations. Next, it develops a Mixed-Integer Programming (MIP) model and the
linearized formulation.

4.3.1 Problem description
Figure. 4.2 shows an illustrative example of the process for berth allocation in bulk ports.
In this context, we consider a set of vessels N = {1,2, . . . , |N|} that will call at the port
within the planning horizon T = {0,1, . . . , |T |}. We discrete the quay into a set of berths
M = {1,2, . . . , |M|}. The berth features (e.g., length, draft, and installed equipment) limit
the vessels they can serve. We define Mi to represent the set of berths that vessel i can be
served. In practice, the stock level of each cargo type has to be satisfied during loading
or discharging operations. For example, the vessel cannot be discharged if the terminal’s
stock level of the corresponding cargo carried by some vessels would exceed the capacity,
even though the berth is idle. These vessels can only wait until there is sufficient capacity.
Determined by the length of the vessels and berths, we allow one vessel to occupy two
berths simultaneously. Some unavailability constraints may arise due to weather conditions
or facility breakdown; for instance, cranes must undergo planned maintenance in order to
stay in a good performance. To sum up, the hybrid BAP model for bulk ports in this paper
incorporates the following points:

(1) One vessel is allowed to occupy two berths under the setting of the hybrid layout.
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Table 4.1: An overview related to the literature on the BAP in bulk ports

Reference Objective Type Method Feature
Time Cost D C H ES HS I S N M U T

[176] ✓ ✓ ✓ ✓
[173] ✓ ✓ ✓ ✓
[184] ✓ ✓ ✓
[169] ✓ ✓ ✓ ✓ ✓
[172] ✓ ✓ ✓ ✓ ✓
[178] ✓ ✓ ✓ ✓
[139] ✓ ✓ ✓ ✓ ✓
[175] ✓ ✓ ✓
[181] ✓ ✓ ✓ ✓
[182] ✓ ✓ ✓ ✓ ✓ ✓
[174] ✓ ✓ ✓ ✓
[171] ✓ ✓ ✓ ✓
[183] ✓ ✓ ✓ ✓ ✓
[170] ✓ ✓ ✓ ✓ ✓
[185] ✓ ✓ ✓ ✓ ✓
[177] ✓ ✓ ✓ ✓ ✓
[179] ✓ ✓ ✓
[180] ✓ ✓ ✓ ✓
[23] ✓ ✓ ✓ ✓ ✓ ✓ ✓

Type: D: Discrete; C: Continuous; H: Hybrid;
Method: ES: Exact Solution; HS: Heuristic Solution;
Feature: I: Integrated with other problems; S: Stock level; N:
Night operation permission; M: Multiple cargo types on one ves-
sel; U: Unavailability; T: Tide;
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Figure 4.2: The berth allocation process in bulk terminals
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(2) The unavailability time window of each berth is considered, which can be caused by
weather conditions, maintenance requirements, or other stochastic factors.

(3) Each vessel has the earliest and the latest service time. This time window is related
to the expected arrival time and the priority of the vessel.

(4) The stock level of each cargo type changes with the loading or discharging process,
and the stock level of the corresponding cargo type should be within the range of
deadstock and capacity.

4.3.2 Model

With the notation defined at Table 4.2, we propose the formulation of the hybrid BAP in bulk
ports with unavailability and stock constraints, which specifically considers the situation of
multiple cargo types on one vessel.

min z = ∑
i∈N

ci(cti − ti −gi)
+ (4.1)

Subject to:

∑
k∈Mi

xik = 1+ ∑
k∈M\{|M|}

zik ∀i ∈ N (4.2)

sti ≥ ti ∀i ∈ N (4.3)

sti ≤ γitt +M(1− γit) ∀i ∈ N, t ∈ T (4.4)

sti +hi ≥ γit(t +1) ∀i ∈ N, t ∈ T (4.5)

∑
t∈T

γit ≥ hi ∀i ∈ N (4.6)

cti ≥ sti +hi ∀i ∈ N (4.7)

∑
i∈N

st j ≥ cti −M(1− yi jk) ∀i ∈ N, j ∈ N, i ̸= j,k ∈ M (4.8)

yi jk + y jik ≤ 0.5(xik + x jk) ∀i ∈ N, j ∈ N, i ̸= j,k ∈ M (4.9)

yi jk + y jik ≥ xik + x jk −1 ∀i ∈ N, j ∈ N, i ̸= j,k ∈ M (4.10)

xik + xi,k+1 ≥ 2zik ∀i ∈ N,k ∈ M\{|M|} (4.11)

∑
k∈M\{|M|}

zik ≤ 1 ∀i ∈ N (4.12)

lixik ≤ ∑
k∈M

Lkxik ∀i ∈ N,k ∈ M (4.13)

∑
θ∈Θ

ξ
θ
it = γit ∀i ∈ N, t ∈ T (4.14)

γiθ ∑
t∈T

ξ
θ
it ≥ qiθ ∀i ∈ N,θ ∈ Θ (4.15)
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Table 4.2: Notation of sets, parameters, and decision variables used in Chapter 4.

Notation Explanation

Sets

N set of all vessels, N = {0,1, · · · , |N|}.
M set of berths, M = {0,1, · · · , |M|}.
Mi set of berths that can serve vessel i determined by cargo types.
T : set of time periods, T = {0,1, · · · , |T |}.
Θ set of product types, Θ = {0,1, · · · , |Θ|}.

Parameters

li the length of vessel i.
riθ rate of operation of vessel i on cargo type θ.
qiθ quantity of cargoes on vessel i for cargo type θ.
ti expected arrival time of vessel i.
hi processing time of vessel i.
gi laytime of vessel i.
ci hourly demurrage cost of vessel i.
[αi,βi] start time window for vessel, i (αi is related to arrival time of vessel,

and βi is related to priority and roud-trip duration).
wlθ dead inventory level of cargo type θ.
whθ capacity of the inventory level of cargo type θ.
w0θ current inventory level of cargo type θ at the start of planning horizon.
bk the position of berth k.
Lk the maximum length of berth k.
[sk,ek] berth k is available to serve vessels from time sk to ek.

Decision variables

xik equal to 1 if berth k is the start section of vessel i, and 0 otherwise.
yi jk equal to 1 if vessel i and vessel j are both assigned to berth k,

and vessel i is processed before vessel j, and 0 otherwise
sti the starting time of vessel i
zik equal to 1 if vessel i is berthed at k and k+1,

and 0 otherwise, k ∈ [0,1, . . . , |M|−1]
γit equal to 1 if vessel i is berthed at time t, and 0 otherwise
ξθ

it equal to 1 if cargo type θ of vessel i are operated at time t, and 0 otherwise
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wlθ ≤ w0θ + ∑
i∈N

m=t

∑
m=0

γiθξ
θ
it ≤ whθ ∀t ∈ T,θ ∈ Θ (4.16)

xiksk ≤ sti ≤ xik(ek −hi) ∀i ∈ N,k ∈ M (4.17)

αi ≤ sti ≤ βi ∀i ∈ N (4.18)

xik ∈ {0,1} ∀i ∈ N,k ∈ M (4.19)

yi jk ∈ {0,1} ∀i ∈ N, j ∈ N, i ̸= j,k ∈ M (4.20)

ξ
θ
it ∈ {0,1} ∀i ∈ N, t ∈ T,θ ∈ Θ (4.21)

zik ∈ {0,1} ∀i ∈ N,k ∈ M\{|M|} (4.22)

γit ∈ {0,1} ∀i ∈ N, t ∈ T (4.23)

The objective function (4.1) is to minimize the demurrage fee of all vessels. Constraint
(4.2) ensures each vessel i occupies at least one berth. Constraint (4.3)-(4.7) restrict the
completion time and the start time of Vessel i. Constraints (4.8)-(4.10) are no overlapping
restriction for vessels that be served at the same berth. Constraints (4.11)-(4.13) allow
vessels to occupy two berths. Constraints (4.14)-(4.16) ensure that the current inventory
during the loading or discharging of vessels can satisfy the requirement of stock of specific
cargo type. Some practical factors which restrict the starting time and completion time of
vessels are considered in this model. Constraint (4.17) represents the available time window
of berths. Constraint (4.18) is the available time window of vessels. Constraints (4.19)-
(4.23) specify the range of decision variables. The objective function (4.1) is nonlinear.
Thus, they need to be linearized by defining an additional decision variable µi = (cti − ti −
gi)

+. The related additional constraints are defined as follows:

µi ≥ 0 ∀i ∈ N (4.24)

µi ≥ cti − ti−gi ∀i ∈ N (4.25)

Therefore, the model can be reformulated as a mixed-integer linear program as follows:

min z = ∑
i∈N

ciµi (4.26)

Subject to Constraints (4.2) - (4.25).

4.4 Numerical experiments

In this section, the MIP model proposed in Section 4.3.2 is tested using the CPLEX solver
with the computational limit of 600s. All tests are running on an Intel Core i5 (1.7GHz)
processor and use the version of CPLEX 12.8.0 under the C++ environment. We introduce
the instance generation first and then analyze the model’s performance under four different
scenarios.
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4.4.1 Generation of instances

We generate 12 instance sizes with different |M| and |N| as well as the consideration of
unavailability and multiple cargo types within the time horizon of one week, as shown in
Table 4.3. The unavailability can be incurred by maintenance requirements for facilities, ex-
treme weather, or other unforeseen factors. The length of vessels and berths are generated
following a uniform distribution of [80,180] and [120,160]. The other detailed attributes re-
lated to the vessel are generated randomly, including arrival time, processing time, laytime,
demurrage, night operation permission, and the cargo tonnage and type they carried.

Table 4.3: Information about the generated instances

Instance |N| |M| Unavailability Multiple cargo types
I1 6 3 No Single
I2 6 3 Yes Single
I3 12 3 No Single
I4 12 3 Yes Single
I5 18 3 No Single
I6 18 3 Yes Single
I7 6 5 No Multiple
I8 6 5 Yes Multiple
I9 12 5 No Multiple

I10 12 5 Yes Multiple
I11 18 5 No Multiple
I12 18 5 Yes Multiple

4.4.2 Results analysis and discussion

As highlighted in Section 4.2, the night berthing permission is considered in our model;
thus, for those vessels that cannot be operated during the night (assumed from 1 am to 6
am), the following constraints (4.27) and (4.28) are added:

sti − γiqt −M(1− γiq)< 0

∀i ∈ N,q ∈ [24p+1,24p+5], p ∈ [0,31], t = 24p+1
(4.27)

cti ≥ γiqt

∀i ∈ N,q ∈ [24p+1,24p+5], p ∈ [0,31], t = 24p+5
(4.28)

Table 4.4 shows the result of the expected demurrage fee and the computational time.
The proposed MIP model can find the optimal solutions for all 12 instances by applying
CPLEX, with up to 18 vessels and 5 berths. In Figure. 4.3, we compare the demurrage
fee in four scenarios which differentiate in whether consider multiple cargo types and un-
availability or not. We find that berths’ unavailability can always significantly increase the
demurrage fee, especially when the berths are busy. However, the multiple cargo types
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Figure 4.3: The comparison of demurrage fee under four different scenarios

on the same vessel have no significant impact when the port is idle, but it will obviously
increase demurrage fees when the port is busy.

Table 4.4: Computational results for the proposed MIP model

Instance Obj ($) Time (s) Instance Obj ($) Time (s)
I1 4347.00 1.64 I7 4036.50 2.28
I2 7762.50 1.27 I8 4657.50 0.80
I3 4968.00 11.36 I9 3283.15 2.50
I4 5267.00 19.17 I10 4621.50 4.89
I5 7464.00 179.38 I11 6110.00 24.34
I6 8393.50 240.02 I12 29330.00 306.67

4.4.3 Managerial insights and policy implications
This paper proposes a hybrid BAP model for bulk port managers to decide when and where
to operate on the calling vessels considering the constraints of the unavailability of facilities
and the stock level. With the experimental results in Section 4.4.2, the following implica-
tions are provided for the bulk port managers:

(1) In practice, unavailability of berths happens frequently, caused by many practical
factors, such as extreme weather and facility maintenance. The BAP model, which
ignores the unavailability, does not work in many practical applications and even
makes the port into trouble. In addition, the unavailability of berths can significantly
influence the berth allocation plan and further impact the total demurrage fee. Thus,
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the bulk port managers should consider the unavailability when making decisions on
berthing plans.

(2) Constraints (4.27) and (4.28) are for satisfying the requirement of individual vessels
on night berthing permissions and thus improve the customer service level of the
ports.

(3) Whether to consider stock level constraints largely depends on the actual situation of
the ports. When the storage is approaching capacity, it is necessary to consider the
stock level limitation in berth allocation. Otherwise, the vessel must wait until there
is enough storage space, which can also make the ports into trouble.

4.5 Conclusions
Prior work on mathematical models and algorithms has solved the basic BAP in bulk ports.
For instance, the author reports the specific features of berth operations in bulk ports that
distinguish them from container ports [168]. However, these studies have either ignored
some practical constraints (e.g., unavailability of berths and storage) or have not considered
the multiple cargo types on one vessel, which can make it hard to apply those approaches
under real-world conditions. In this chapter, we propose a hybrid BAP model for bulk
ports with unavailability and stock level constraints, and we consider the case of multiple
cargo types on one vessel specifically. We show the effectiveness of the proposed model by
conducting numerical experiments on a set of distinct instances. The hybrid BAP extends
earlier work of [172], providing a better fit for the loading or discharging operations in real-
world bulk ports. The commercial software CPLEX can obtain optimal solutions with up
to 18 vessels within 600 seconds. Most notably, this is the first study to our knowledge
that dedicates itself to the BAP in bulk ports and considers unavailability and stock con-
straints simultaneously. Our solutions provide timely and effective decision support to port
managers.

Chapters 3 and 4 address the research question Q3: “How does collaboration work
as a means for efficient and resilient port operations?” from horizontal collaboration and
vertical collaboration, respectively. Nonetheless, these collaborative planning models pre-
assume the collaboration has already been established, disregarding the requirements and
incentives of stakeholders. Thus, the establishment of an attractive and stable collaboration
is studied in the next chapter.
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Chapter 5

Collaborative Berth Allocation
with Row-Generation Algorithms
for Stable Cost Allocation

Chapter 5 answers the fourth research question (Q4): “How to generate attractive and stable
collaboration?”. We design novel and effective collaboration mechanisms among terminal
operators that share the resources (berths and quay cranes). We first define the collaborative
berth allocation problem and propose a mixed integer linear programming (MILP) model to
minimize the total cost of all terminals, referred to as the coalitional costs. We adopt the core
and the nucleolus concepts from cooperative game theory to allocate the coalitional costs
such that stakeholders have stable incentives to collaborate. To obtain solutions for realistic
instance sizes, we propose two exact row-generation-based core and nucleolus algorithms
that are versatile and can be used for various combinatorial optimization problems.

The organization of this chapter is as follows. Section 5.1 introduces the research bacak-
ground and Section 5.2 reviews the studies on collaborative berth allocation and articulates
the research gap. Section 5.3 presents the MILP formulation of the HCBAP model and the
related cooperative game. Section 5.4 describes the RG-based core algorithm and the nucle-
olus calculation mechanism for allocating the coalitional costs. Section 5.5 showcases the
experimental results, and Section 5.6 offers a discussion and key insights. Finally, Section
5.7 provides conclusions.

This chapter has been submitted to a journal [25]1.

5.1 Introduction
Disruptions in global supply chain networks and crisis response policies such as the Covid-
19 pandemic and the Red Sea crisis have recently highlighted the importance of container
terminals as scarce resources in the networked global economy. The container crisis, in

1X. Lyu, E. Lalla-Ruiz, F. Schulte (2024), The collaborative berth allocation problem with row-generation
algorithms for stable cost allocations.
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particular, has demonstrated the need for enhanced resilient container terminal operations.
On the other hand, advances in digital technology have stimulated collaborative planning
through convenient information sharing in recent years. As a result, collaborative plan-
ning strategies, in which multiple stakeholders can provide service cooperatively based on
resource sharing, are increasingly targeted by the industry to enhance performance in peak-
demand situations and to compensate for temporarily limited capacity at certain nodes in the
network. Through these strategies, economic, environmental, and intangible benefits can be
obtained [10]. Accounting for over 90% of global trade, the maritime shipping industry has
great opportunities and challenges to deal with when adopting this new trend of collabora-
tion. Over the past two decades, compound annual growth in maritime trade has been 2.9%
[1]. The increasing rate urges terminals to expand their capacity to ensure the efficiency
of port service and enhance port resilience when facing enormous disruptions, such as the
breakdowns of the COVID-19 pandemic. However, constructing the port and its support-
ing facilities requires substantial investments and would incur long-term influences on the
environment. Consequently, Maersk and Hapag-Lloyd AG, as prominent companies with
ownership of multiple terminals, have announced the new Gemini alliance aiming at exten-
sive operational collaboration and an interconnected ocean network with industry-leading
reliability [186].

Container terminals act as an essential intermediary hub for sailing voyages, and the
efficiency of the port-of-call operations significantly impacts the smooth transport of cargo.
Berth planning involves determining the berthing time and position for incoming vessels
and is therefore one of the most critical decisions for terminal operators. Effective and
efficient berth planning ensures the optimal utilization of available resources, minimizing
vessel waiting times and increasing overall productivity. The classic Berth Allocation Prob-
lem (BAP) formalizes the decisions of when and where to discharge (or load) the incoming
vessels. Figure 6.2 illustrates the BAP in a two-dimensional diagram. The two dimensions
are the berthing line (the position that vessels can berth) and the timeline (the planning hori-
zon), respectively. Each rectangle represents the berthing time and position allocated to each
calling vessel. The work of [41] and [138] classifies the models and algorithms developed in
BAP according to different features, while the general goal is to make the two-dimensional
space occupied by as many rectangles as possible without overlapping and within the limits
of capacity.

The Collaborative Berth Allocation Problem (CBAP) is more complex than that shown
in Figure 6.2, as it deals with coordinating multiple parties; thus, new models are required
to support decision-makers, especially from the operational level. Typically, two types of
collaboration, vertical and horizontal, are recognized in the literature (as reviewed in Sec-
tion 5.2). Partnerships in vertical collaboration are between different levels of the supply
chain, while those in horizontal collaboration happen at the same level. Concerning ver-
tical CBAP (VCBAP), collaborative berth allocation models considering the cooperative
relationship between shipping lines and terminals are proposed by [37] and [38], that is,
the terminal managers can take part in deciding the arrival time of vessels. The horizontal
collaboration among terminal operators has also been studied as an effective strategy to im-
prove port logistics efficiency [68]. In practice, HCBAP has not been adopted yet, because
of commercial and regulation limitations. However, the requirement from the industry such
as Gemini alliance [186], the horizontal CBAP (HCBAP) is crucial to achieving the collab-
oration because berths are important and scarce resources for terminals, while the relevant

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_40B



5.1 Introduction 69

Time

Berth

Actual 

End Time

Expected 

Arrival Time

Actual 

Arrival Time

Expected 

End Time

Vessel 1

Start

Time

Vessel 3

Arrival 

Time

Berthing

Position

Start 

Time

End 

Time

Handling Time

Vessel 2

Arrival Delay

Departure Delay

Waiting Time

Figure 5.1: An illustration of the two-dimensional berthing plan.

studies are relatively limited. Only [96] and [22] formulate berth allocation models that al-
low one vessel to transfer to another terminal within the port based on sharing berths among
terminals.

All the studies mentioned above assume that the collaboration has already formed. How-
ever, individual interests remain a primary concern for all stakeholders, and they may be re-
luctant to share their resources if they cannot obtain clear benefits. In this context, success-
ful collaborative planning requires efficient shared-resource allocation methods to improve
overall performance and appropriate incentives to convince individual participation, such
as to steer effective collaborations [187]. Cooperative game theory provides theoretical ap-
proaches, such as the core and the nucleolus, to allocating the coalitional costs to individuals
appropriately [21]. Specifically, the core ensures that collaborative members do not incur
costs exceeding those associated with working independently, and the nucleolus aims to
maximize the number of members within the collaboration. Notably, both methods require
prior knowledge of costs associated with all potential coalitions. However, these methods
tend to be computationally challenging in implementation because enumerating costs for
all potential coalitions quickly becomes impossible when the coalitional costs are inter-
twined with (np-hard) combinatorial optimization problems, even with a limited number
of participants. Thus, to overcome this limitation, we introduce two row-generation-based
methods to calculate the core (subsequently referred to as the RG-based core) and the nu-
cleolus mechanism to efficiently generate attractive cost allocations to individual members
involved in the collaboration.

To sum up, this work proposes a collaborative berth allocation model in which multi-
ple terminals within one port serve the calling vessels cooperatively. Besides, to facilitate
successful collaborative berth allocation, we propose new optimization approaches building
on two major concepts in cooperative game theory (i.e., the core and the nucleolus) to find
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attractive cost allocations, overcoming computational difficulties than simple enumeration-
based methods, and thereby incentivizing individual terminals to form a coalition that they
do not leave. The computational experiments show that the proposed model can result in
significant cost savings for the entire coalition, while crucially maintaining stable collabora-
tion incentives. Moreover, considering the realistic instance sizes, for instance, Hong Kong
Port with five terminal operators [99] and Busan New Port with five terminal operators [76],
the proposed cost allocation algorithms for calculating the core and the nucleolus can pro-
vide satisfying solutions for six collaborative terminals to ensure joining the collaboration
is always attractive for individuals. In summary, we make in this chapter the following main
contributions:

(1) We present a new mathematical model for collaborative bert allocation to minimize
the entire cost of all terminals within one port by serving the calling vessels coopera-
tively, in which we consider the trade-off between the duration time of the vessel and
the extra transhipment cost caused by the transfer of vessels.

(2) To ensure stable collaboration incentives, we develop a row generation algorithm to
obtain the core solution of cost allocation based on cooperative game theory. The idea
is to make it clear to individuals how much they stand to gain to avoid some players
benefiting greatly while some even not, thereby maintaining a stable collaboration.

(3) We further strengthen collaboration stability based on the core solutions by suggesting
a novel mechanism to find the nucleolus solution for cost allocations of the collabo-
rative berth allocation problem.

(4) With the proposed row-generation-based core algorithm and nucleolus mechanism,
we provide general-purpose approaches to achieve attractive and stable cost (or prof-
its) allocations for collaborative combinatorial optimization problems. To the best of
our knowledge, the proposed row-generation approach for the nucleolus is the first of
its kind for combinatorial optimization problems.

5.2 Literature review
In this section, we present an extensive review of collaborative berth allocation. First, we
describe two typical types of collaboration in BAP: vertical collaboration between the ship-
ping line and the terminal in Section 5.2.1 and horizontal collaboration among multiple
terminals in Section 5.2.2. Our focus is the mathematical model that can support termi-
nal operators in making berth allocation decisions; therefore, we also categorize integrated
problems with berth allocation as BAP. In Section 5.2.3, we cover the application of coop-
erative game theory to collaborative planning in maritime shipping and identify the research
gap explicitly in Section 5.2.4.

5.2.1 BAP with vertical collaboration
For vertical collaboration, the berthing plan is often organized based on the interaction be-
tween the shipping company and the terminal manager. For example, the shipping company
can slow down their sailing speed according to the busyness level of the terminal, thereby
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alleviating terminal congestion and reducing unnecessary fuel costs. The terminal operators
can participate in adjusting the arrival time of vessels, which distinguishes VCBAP from the
traditional BAP significantly, and terminal resources restrict the duration time of the vessel.
Therefore, coordinating the sailing voyage and terminal operation is critical for VCBAP.

Although the concept of collaboration is not explicitly proposed, vessels’ arrival time is
firstly regarded as a decision variable in the BAP model proposed by [188]. They aim to re-
duce fuel costs by minimizing the waiting time of vessels at the terminal. However, it is only
partially reasonable since the fuel consumption during the sailing voyage is more prominent
than that of mooring periods at the quayside [189]. Therefore, a more elaborate BAP model
considering the fuel consumption in both sailing and mooring periods is proposed by [190].
Furthermore, they transform the nonlinear model into a mixed integer second-order cone
programming model to overcome the problem-solving complexity. The work of [191] com-
pares the cost of different berthing plans by simulating different scenarios of vessel arrival
time. Their experiment results show that the flexible arrival time suggested by the termi-
nal performs better than treating it as a previously-known parameter in terms of terminals’
operational efficiency and shipping lines’ fuel consumption. A discrete event simulation
model that integrates speed optimization with BAP is developed by [192], demonstrating
significant benefits of reductions in fuel consumption and dwell time. Besides, there are
also some innovative considerations in the literature: incorporating the utility conception of
shipping lines in the model, where a higher bunker and inventory cost decreases the utility
[31] and emphasizing vessel service differentiation and develops a bi-objective model for
the integrated collaborative berth allocation and quay crane assignment problem [193].

It is worth noting that all the above studies focused on a single terminal. Only two
papers consider the multi-port setting. In the work of [38], they propose a multi-port berth
allocation problem, in which shipping lines and multiple ports decide the berthing position
and berthing time for each vessel at each port coordinately. They aim to minimize the total
fuel consumption of the shipping line and the operation cost of terminals along the entire
shipping route. The proposed MIP model performs well for small-scale instances but needs
to improve when the size increases. Then, an exact algorithm based on branch-and-cut-
and-price procedures to solve the instances reflecting the real-world scenarios is proposed
in [94].

5.2.2 BAP with horizontal collaboration

In horizontal collaboration, different terminals can work together to provide the discharging
(or loading) service, potentially sharing the information of the calling vessels and facilities
to fully use terminal resources [115]. However, some of these terminals are competitors and
may not be willing to collaborate. In this regard, on top of an efficient berth allocation plan,
it is essential to convince terminals about collaborating as more benefits can be obtained.

There have been studies demonstrating the benefits of consolidating container terminals.
Study of [67] proposes a conceptual framework of a collaborative operational system among
terminals. The results show that terminal collaboration can reduce vessels’ waiting time,
balance resource utilization, and increase overall profits. The coalitions forming by different
combinations among three terminals at Karachi Port are investigated by [69], which models
a Bertrand game with one outside competitor, the coalition, and the terminal in Karachi
Port (if any) that has not joined the coalition. Empirical research on facilitating terminal
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coalition at the Hong Kong Port is conducted by [75], consisting of five terminal operators.
The work of [76] simulates the effects of sharing berth resources among terminals within
one port using scenario analysis. Forming terminal coalition is classified by [74] as intra-
port collaboration, and they develop quantitative tools to analyze the dynamics of individual
profit of terminal operators and their willingness to cooperate. The authors pre-assume two
cooperation schemes and seven transfer fee policies and then investigate the changes in
profits before and after collaboration.

However, limited studies contribute to the HCBAP model in forming terminal coalitions.
First studies by [96] and [97] address a variation of BAP at multi-user terminals, which
assign vessels that would usually be served at the terminal to an external terminal due to
waiting time limitations. Nevertheless, these models tacitly assume that the cooperative
alliance is already formed and, thus, ignore the rational decisions of individual terminals as
a requisite to form such alliances.

5.2.3 Cooperative game theory models

In real cases, terminal operators pursue enhancing their own interests [115]. Thus, convinc-
ing individual terminals to collaborate and abide by the coalitional decisions is a significant
concern. Cooperative game theory has been increasingly applied in collaborative maritime
shipping in recent decades [125]. Their focus is generally on allocating the coalitional bene-
fits appropriately to incentivize individual players to stay in the collaboration [194], thereby
maintaining collaboration stability. The core for collaboration stability and the nucleolus
for enhancing stability [122] are applied in collaborative transportation problems. However,
their computational time grows exponentially with the increased number of players; thus,
they fail to deal with realistic problems.

For the CBAP, most researchers only consider minimizing the overall cost; however,
studies covering rational individual considerations are limited. The collaborative mecha-
nism for berth allocation proposed by [31] implies the cooperative and competitive relation-
ship between the terminal and the shipping line to ensure that the berthing plan is mutually
beneficial to both parties. Game theory is embedded in heuristics of [195] for solving the
BAP, and [69] design a two-stage Bertrand non-cooperative game for terminals within one
port. [94] design a cooperative game consisting of the shipping line and the terminal. They
apply the Shapley Value Method (SVM) and Equal Profit Method (EPM) to allocate the
joint cost among the individual member fairly. Similarly, SVM and the core are applied
in [196] to allocate the total cost of each group and select the stable groups. Based on the
previous results, they propose a new integer programming model to determine the collab-
orative groups with the maximum revenue. However, in dealing with the cooperative part,
the study depends on the enumeration method, which greatly limits the number of partners
joining the game.

5.2.4 Overview and research gap

According to the classification scheme in [41], we use three attributes to describe the prob-
lem properties of the CBAP model. The spatial attribute reflects the quay layout in discrete
(DS) or continuous (CN) berths. The handling time attribute concerns the way of deal-
ing with vessel handling time in the model: fixed (FX), quay crane dependent (QD), and
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Table 5.1: Overview of the CBAP model in the literature.

Type Reference Problem Properties Solution
Method

Stability
ConsiderationSpatial

Attribute
Handling
Attribute

Performance
Measure

Vertical
Collaboration

[188] DS FX Σ(wait + tard) H
[191] DS QD Σ( f uel + tard + extra) SM
[190] CN FX Σ(tard +wait + f uel) MIP
[31] DS FX Σ(utility− extra) MIP ✓
[38] DS PD Σ(wait +hand + tard + f uel) MIP

[193] CN QD Σ(tard +wait + f uel) MIP
[94] DS PD Σ(wait +hand + tard + f uel) B&P, CG ✓

Horizontal
Collaboration

[96] DS PD Σ(wait +hand + tard + f uel) H
[69] - - Σ(utility) LM ✓

[134] - FX Σ(hand + extra) H
[197] CN QD Σ(hand + extra) MIP
[198] DS FX Σ(hand + tard + extra) H
[99] DS FX Σ(hand + tard + extra) SM
[97] CN QD Σ(hand + tard + extra) H
[74] - QD Σ(utility) SM ✓

[135] CN PD Σ(tard + extra) LR
[25] DS QD Σ(hand +wait + tard + extra) MIP, CG ✓

Note: LR, lagrange relaxation; B&P, branch and price; SM, simulation; H, heuristics; CG,
cooperative game theory.

position dependent (PD). The performance measure attribute lists six different evaluation
criteria: the waiting time of vessels (wait), handling time of vessels (hand), departure tar-
diness of vessels (tard), extra container transshipment cost (extra), fuel consumption (fuel),
and utility calculation of terminals (utility).

The relevant CBAP literature is exhibited in Table 5.1, sorted by collaboration types,
problem properties, solution methods, and whether considering collaboration stability. The
last row highlights our research. From it, we can observe that although the concept of col-
laborative berth planning has been recognized over the last decade, the matching planning
models are still in their infancy. Especially for horizontal collaboration among multiple ter-
minals, most studies only analyze the potential advantages, while few can support making
decisions on berth allocation from the operational level. Furthermore, effective cost allo-
cation models to allocate the coalitional benefits for maintaining collaboration stability are
still lacking. Thus, other than developing an instructive CBAP model from the operational
planning perspective, we further present supportive cost allocation methods that are vital to
enable a stable collaboration in practice. This paper aims to provide decision-support tools
for practitioners in maritime shipping to facilitate collaborative berth allocation effectively.

5.3 Collaborative berth allocation problem as a coopera-
tive game

The proposed HCBAP model described in Section 5.3.1 and Section 5.3.2 is based on the
discrete and dynamic BAP, in which multiple terminals serve the calling vessels coopera-
tively by sharing the berths and quay cranes. This model strongly depends on the collabo-
ration among terminals; therefore, the benefits of such collaboration need to be explicit to
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convince individual terminals to join the coalition. Thus, we further define a cooperative
game in Section 5.3.3 using the objective value of the HCBAP model as the characteristic
function.

The calling vessels to terminal 2

The calling vessels to terminal 3
…

The calling vessels to terminal 1

Individual terminal managersIdle resources (berths or quay cranes)

…

…

Gate

Gate

Terminal 1

Terminal 3

Figure 5.2: Berthing plan without collaboration.

Gate

Gate

Terminal 1

Terminal 3

Individual terminal operatorsShared resources (berths or quay cranes)

Collaboration

The calling vessels to all terminals

No idle resources 

(Berths and quay cranes)

… … …

Figure 5.3: Berthing plan with collaboration.
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5.3.1 Problem description of HCBAP
A calling vessel can be regarded as the terminal’s customer. The terminal earns money by
providing discharging (or loading) services for its customers. Delay in this service directly
damages customer satisfaction which will influence the development of the terminal in the
long term. Without collaboration, the vessels can only wait at their contracted terminals
until the berths and quay cranes are available. With collaboration among terminals, the
vessels can be berthed at other terminals providing better time slots while incurring extra
container transshipment costs. Thus, terminal operators need to balance the service quality
and service cost during the planning. Our HCBAP model incorporates a trade-off between
extra container transshipment costs caused by vessel transfer between terminals and the cost
of vessel tardiness. We assume a coalition of terminals is willing to share the resources (e.g.,
berths and relevant information about the incoming vessels) with other terminals within
the port. If the contracted terminal cannot serve the calling vessel because of disruptive
events or if providing the service is economically unreasonable, these vessels are allowed to
transfer to another terminal in the coalition for loading or discharging, and the saving costs
are shared.

Figures 5.2 and 5.3 illustrate the berthing plan without and with the collaboration based
on an example port with three terminals. In Figure 5.2, terminal operators independently
make their own planning on berth allocation for their respective vessels. That is, each ter-
minal’s berth planning is limited by its internally accessible berth and quay crane resources.
While in the collaborative case shown in Figure 5.3, the calling vessel can berth at any ter-
minal of the coalition given that the necessary berth resources are available. In practice, the
yard location of containers loaded to (or discharged from) the calling vessel has been de-
cided before. Therefore, extra container transshipment fees due to vessel transfer between
terminals have to be considered in the cost calculation. In this way, the proposed HCBAP
model achieves a simultaneous berthing plan for multiple terminals within a port.

Above all, we conclude our problem as a collaborative berth allocation problem based
on horizontal collaboration among terminals within one port. We frame the problem as
concentrating all the vessel’s calling information and making the berthing plan optimally,
considering the available resources of all collaborative terminals and providing decision
support for both cases with and without disruptions. Specifically, we only consider the
quayside operation, and the inland schedule of container transportation is out of our scope.
Thus, we assume all the related containers have already arrived at the terminal, waiting for
the loading or unloading operations.

5.3.2 HCBAP model formulation
This section first introduces assumptions of our HCBAP model as follows:

(1) Berth positions are discrete and one vessel can only occupy one berth position.

(2) The loading/discharging operation by quay cranes for each vessel is assumed to be
conducted continuously without interruption.

Next, we develop a mixed-integer linear programming (MILP) model for the proposed
collaborative berth allocation problem with horizontal collaboration among terminal opera-
tors. The objective is to minimize the total service costs of all terminals. The model outputs
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Table 5.2: Notation of sets, parameters, and decision variables used in Chapter 5.

Notation Explanation

Sets

V set of all vessels.
T set of one-hour time periods.
M set of all terminals within the port.
Bm set of berths at terminal m ∈ M.

Parameters

cι
im unit cost of inter-terminal container transshipment for vessel i ∈V

from its contracted terminal to terminal m ∈ M, given in units of USD per TEU.
cω

i penalty rate of vessel i ∈V for waiting service
given in units of USD per hour.

cδ
i penalty rate of vessel i ∈V for departure tardiness

given in units of USD per hour.
cκ operation cost rate given in units of USD per Quay Crane(QC)-hour.
ai expected arrival time of vessel i ∈V .
di expected departure time of vessel i ∈V .
wi requirement for QC-hour of vessel i ∈V .
gi the number of container units (TEU) required to be loaded

or discharged on vessel i ∈ v.
Qm the total number of available quay cranes at terminal m ∈ M.

Decision variables

z the total cost for serving all calling vessels.
si starting time of vessel i ∈V .
ei ending time of vessel i ∈V .
xim binary variables equal to 1 if vessel i ∈V is berthed at terminal m ∈ M,

and 0 otherwise.
x̄imk binary variables equal to 1 if vessel i ∈V is berthed at berth k ∈ Bm

of terminal m ∈ M,
and 0 otherwise.

yi jmk binary variables equal to 1
if vessel i ∈V and vessel j ∈V are both assigned to berth k ∈ Bm
of terminal m ∈ M and vessel i ∈V is processed before vessel j ∈V ,
and 0 otherwise.

qimt the number of quay cranes assigned to vessel i ∈V
when time t ∈ T at terminal m ∈ M.

rit binary variables equal to 1 if vessel i ∈V is operated when time t ∈ T ,
and 0 otherwise.

γimt binary variables equal to 1 if vessel i ∈V is operated when time t ∈ T
at terminal m ∈ M, and 0 otherwise.

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_44B



5.3.2 HCBAP model formulation 77

(i) which berth at which terminal the vessel is served, (ii) the vessels’ berthing time, (iii) the
number of quay cranes operating within the service time, and (iv) the departure time. We
list the used notations in Table 5.2. Based on the notations, the proposed HCBAP model is
formulated as follows:

min z = ∑
i∈V

∑
m∈M

cι
imgixim + ∑

i∈V
cω

i (si −ai)+ ∑
i∈V

cδ
i (ei −di)

++ ∑
i∈V

∑
m∈M

∑
t∈T

cκqimt (5.1)

Subject to:

∑
m∈M

xim = 1 ∀i ∈V (5.2)

∑
m∈M

∑
k∈Bm

x̄imk = 1 ∀i ∈V (5.3)

si ≤ tγit +M(1− rit) ∀i ∈V, t ∈ T (5.4)

ei ≥ (t +1)rit ∀i ∈V, t ∈ T (5.5)

∑
t∈T

rit = ei − si ∀i ∈V (5.6)

∑
t∈T

qimt ≥ wixim ∀i ∈V,m ∈ M (5.7)

∑
i∈V

qimt ≤ Qm ∀t ∈ T,m ∈ M (5.8)

M(γimt −1)−qimt ≤ 0 ∀i ∈V,m ∈ M, t ∈ T, (5.9)

qimt ≤ Mγimt ∀i ∈V,m ∈ M, t ∈ T (5.10)

∑
m∈M

γimt = rit ∀i ∈V, t ∈ T (5.11)

∑
k∈Bm

x̄imk = xim ∀i ∈V,m ∈ M (5.12)

s j ≥ ei −M(1− yi jmk) ∀i ∈V, j ∈V, i ̸= j,m ∈ M,k ∈ Bm (5.13)

yi jmk + y jimk ≤ 0.5(x̄imk + x̄ jmk) ∀i ∈V, j ∈V, i ̸= j,m ∈ M,k ∈ Bm (5.14)

yi jmk + y jimk ≥ x̄imk + x̄ jmk −1 ∀i ∈V, j ∈V, i ̸= j,m ∈ M,k ∈ Bm (5.15)

si,ei ∈ {ai, ..., |T |} ∀i ∈V (5.16)

xim, x̄imk,rit ,γimt ∈ {0,1} ∀i ∈V,m ∈ M, t ∈ T,k ∈ Bm (5.17)

yi jmk ∈ {0,1} ∀i ∈V, j ∈V, i ̸= j,m ∈ M,k ∈ Bm (5.18)

The objective function (5.1) minimizes the total service costs z of all terminals, consist-
ing of four parts. The first part is the cost caused by extra container transshipment between
terminals, defined as inter-terminal transportation (ITT) by [61]. The parameter cι

im in-
dicates the unit cost of moving one container from the contracted terminal of vessel i to
another terminal m, which is estimated based on the fuel costs of container moving among
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terminals according to formulation (5.19). In detail, lim represents the distance between two
terminals. Parameter α is the fuel cost of unit distance, and β is the number of containers
that can be transported at one time. The second part is the penalty cost for waiting after
the vessel arrives at the port. The third part is the penalty cost for the tardiness of vessels’
departure time. The fourth part is the operation cost of quay cranes.

cι
im =

αlim
β

(5.19)

Constraint (5.2) ensures that each vessel is operated at only one terminal. Constraint
(5.3) ensures that each vessel is operated at only one berth of one terminal. Constraints
(5.4)-(5.6) determine the service starting time and ending time for vessels. Constraint (5.7)
enforces that the total number of assigned quay cranes must satisfy the vessel’s requirement.
Constraint (5.8) ensures that the number of quay cranes operating simultaneously cannot
exceed the maximum number available at the terminal. Constraints (5.9)-(5.10) denote the
relationship of variables rimt and qimt , implicating that no quay crane is assigned when
the vessel is not berthed. The consistent setting of the corresponding variables related to
berthing position (x̄imk and xim) and handling time (γimt and rit ) is incorporated in Constraints
(5.11)-(5.12). Constraints (5.13)-(5.15) ensure no overlapping exists for vessels that are
served at the same berth of the same terminal. Constraint (5.16) restricts the service starting
time to be after the vessel’s arrival and the service ending time to be within the planning
horizon. Constraints (5.17)-(5.18) define the remaining decision variables.

The third part of the objective function is nonlinear, and we linearize the objective func-
tion by defining an auxiliary variable µi = (ei − di)

+. Additional constraints (5.20) and
(5.21) are added for restricting µi.

µi ≥ 0 ∀i ∈V (5.20)

µi ≥ ei −di ∀i ∈V (5.21)

Therefore, we reformulate the model as follows:

min z = ∑
i∈V

∑
m∈M

cι
imgixim + ∑

i∈V
cω

i (si −ai)+ ∑
i∈V

cδ
i µi + ∑

i∈V
∑

m∈M
∑
t∈T

cκqimt (5.22)

Subject to Constraints (5.2)-(5.21).

5.3.3 Cooperative berth allocation game

Our cooperative game is based on the HCBAP model, in which a set of terminal operators
M = {1,2, . . .} participate as players, and N is the set of all non-empty subsets of M.
Each element in N represents one possible terminal coalition S. In other words, each S is
actually a set of some terminal operators, and there are 2|M|− 1 different S, that is, N =
{S1,S2, ...,S2|M|−1}. For simplicity, we just use S in the following sections. As stated above,
S ⊆ M and S ∈ N . Specifically, the coalition formed by all players is called the grand
coalition. The characteristic function C(S) represents the impact of a coalition S in the
cooperative game theory, which in this case is defined as the objective value of the HCBAP
model. For the cost of players who make decisions independently without collaboration, we
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call it stand-alone cost.
The characteristic function satisfies the following two conditions required in cooperative

game theory:
C( /0) = 0 (5.23)

C(S)+C(T )≥C(S∪T ) ∀S,T ⊆ M,S∩T = /0 (5.24)

Equation (5.23) states that there is no cost in an empty coalition. Equation (5.24), re-
ferred to as subaddivity, ensures that forming a coalition can always generate no more cost
than when operating independently. Furthermore, a cost allocation vector fff = { f1, f2, ..., fn}
denotes the cost allocated to each player. Subsequently, two properties efficiency and indi-
vidual rationality are defined in equations (5.25) and (5.26), respectively. Efficiency means
all costs in the coalition are distributed to individuals, and individual rationality states that
the cost allocated to each individual cannot exceed its stand-alone cost.

∑
m∈M

fm =C(M) (5.25)

fm ≤C({m}) ∀m ∈ M (5.26)

5.4 Cost allocation algorithms for stable and attractive col-
laboration

The HCBAP model proposed in Section 5.3.2 supports the centralized system in which
multiple terminals are involved to cooperate on berth allocation planning for the calling
vessels. Essentially, it aims to minimize the overall cost based on the assumption that the
collaboration has already formed. However, a genuine concern for individual terminals is
whether staying in the coalition is in their best interest; if not, they may choose to form a
sub-coalition or work independently without collaboration. Thus, a reasonable cost alloca-
tion strategy to convince individual terminals is crucial for a stable collaboration in practice.
In this regard, we adopt the core and the nucleolus concepts from cooperative game theory
to allocate the coalitional costs among collaborative terminals. In detail, the core can guar-
antee that no collaborative terminals cost more than working alone, and the nucleolus aims
to allow as many terminals to save costs within the collaboration as possible, while both
methods require the costs of all potential coalitions to be pre-known. That is to say, the cal-
culation of the core and the nucleolus needs multiple iterations of the MILP model to obtain
the costs for all possible coalitions as inputs. Due to the NP-hard nature of the optimization
problem which is already difficult to solve in a one-player setting. If we want to obtain Core
and Nucleolus solutions, we need to solve this problem for every subset of players, that is,
up to 26 −1 (null player coalition) or 63 times. To address this challenge, we develop two
efficient algorithms based on the two essential concepts in cooperative game theory: the
core in Section 5.4.1 and the nucleolus in Section 5.4.2, combing with the combinatorial
optimization model of HCBAP, to allocate the coalitional costs while keeping the stability
of collaboration. Finally, we give an example as an illustration of the proposed RG-based
core and the nucleolus mechanism in Section 5.4.3.
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5.4.1 Cost allocation in the core
The core is one of the most widespread concepts for stable collaboration in cooperative
game theory. Let us denote the cost allocation vector fff (S) = ∑ j∈S f j. Given the total
cost C(M), a solution consisting of the cost distribution over all players and satisfying the
condition of the core is referred to as imputation. In addition to efficiency, it requires no
sub-coalition to incentivize individual players to leave the grand coalition. Therefore, we
formulate the core solution of our cost allocation problem in equation (5.27). As a result of
the equation, the number of constraints denoted in the core grows exponentially to 2|M|−1,
making the model difficult to solve. To cope with that, we develop a row generation method
based on the one proposed by [199] that enables tackling such a computational shortcoming.
In doing so, we first formulate the master problem (MP) and the subproblem (SP), then we
introduce the procedure of the RG-based core algorithm.

Core(M, fff ) =

{
f ∈ R| ∑

m∈M
fm =C(M),and ∑

m∈S
fm ≤C(S) ∀S ⊂ M,S ̸= /0

}
(5.27)

MP model

The difficulty of calculating the core directly by Equation (5.27) is that each possible ter-
minal coalition S will add one more constraint and the core solution needs to satisfy all the
constraints. Thus, the master problem of the row generation approach is to calculate the
cost allocation with some limited constraints. The current result of the master problem then
assists in finding more constraints in the subproblem.

As stated already, in order to calculate the cost allocation based on a limited number
of constraints, we define the following parameter Θ and decision variables in the master
problem:

Parameter:

• Θ: the set of potential coalition S, initialized as Θ = {{1},{2}, ...,{n}}

Decision variables:

• δ: the minimum cost savings considering all the coalition S in current Θ.

• fm: the cost allocated to player m.

Then, we formulate the MP model of our RG-based core algorithm as follows:

min δ (5.28)

Subject to:

∑
m∈S

fm −δ ≤C(S) ∀S ∈ Θ (5.29)

∑
m∈M

fm =C(M) (5.30)

fm ∈ R,∀m ∈ M (5.31)

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_46B



5.4.1 Cost allocation in the core 81

δ ≥ 0 (5.32)

The value of the objective function (5.28) indicates whether the core is empty. If δ = 0,
then the core of the problem is not empty, and the value of fm is the cost allocation in the
core. In contrast, if δ > 0, the problem has an empty core, which means the grand coalition
is unstable regardless of the cost allocation solution. Constraints (5.29)-(5.30) embody the
core definition. Constraints(5.31)-(5.32) define the decision variables.

SP model

To search for the sub-coalition S
′

that violates the core definition the most, the following
decision variable ξm and parameter ζim need to be further defined in the subproblem.

Parameters:

• ζim: binary parameters equal to 1 if vessel i∈V is the contracted customer of terminal
m, and 0 otherwise.

• f̂m: stand-alone costs of terminal m without any collaboration with other terminals.

Decision variables:

• ξm: binary variables equal to 1 if terminal m belongs to the coalition S
′
, and 0 other-

wise.

Continuing the notion used in Section 5.3.2, the SP model is given as:

max ∑
m∈M

fmξm −

[
Ob j− ∑

m∈M
f̂m(1−ξm)

]
(5.33)

Ob j = z (5.34)

xim ≥ ζim(1−ξm) ∀i ∈V,m ∈ M (5.35)

xim ≤ ζim +ξm ∀i ∈V,m ∈ M (5.36)

and constraints (5.2) - (5.21).
The objective function (5.33) outputs the sub-coalition S

′
/∈ Θ that violates the core

condition most. Constraints (5.35) and (5.36) state the relationship of the definition of ζim
and ξm, restricting terminal m /∈ S

′
can only serve its own customer vessels.

RG-based core algorithm

Algorithm 2 describes procedures of the proposed RG-based core algorithm.
The set of all possible coalitions, Θ, is initialized Θ = {{1},{2}, ...,{n}} in line 1.

Starting from Θ, we run the MP model to obtain the value δ and fm for m ∈ M. If δ > 0,
the problem has an empty core, and the algorithm stops. Otherwise, if δ = 0, the SP model
aims to find a sub-coalition S

′
/∈ Θ that maximizes ∑m∈S′ fm −C(S

′
). It aims to search for

the coalition S
′

that violates the core definition most. If S
′

exists, update Θ = Θ∪{S
′}, and

return to line 2; otherwise, the current vector fff is cost allocation in the core.

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_47A



82 5 Collaborative Berth Allocation with Row Generation for Stable Cost Allocation

Algorithm 2: Algorithm for Calculating the Core based on Row Generation
Method
1 Initialization: Θ = {{1},{2}, ...,{n}}
2 Run model MP, obtain the value δ and fm for m ∈ M
3 if δ > 0 then
4 Stop, and the problem has an empty core
5 else
6 Run model SP to find a sub-coalition S

′
= argmax

S′ /∈Θ

(
∑m∈S′ fm −C(S

′
)
)

7 if S
′

exists then
8 Θ = Θ∪{S

′}
9 Return to line 2

10 else
11 Current fm for m ∈ M are in the core

Output: One core solution fff

5.4.2 Cost allocation in the nucleolus
The core solution can provide stable outcomes for cost allocation. However, it is not nec-
essarily unique, and different cost allocations can be in the core [122, 200]. In such cases,
decision-makers require additional support to select one among them. Therefore, the prob-
lem of choosing a cost allocation in the core is raised. In this regard, the nucleolus, in-
troduced by [201], is another well-known allocation rule in cooperative game theory. It is
considered the “most stable” cost allocation in the sense that it lexicographically minimizes
dissatisfaction among all possible coalitions [202]. Additionally, the nucleolus is unique and
lies in the core (if not empty), making it an attractive and preferred choice over other shared
cost allocation methods for decision-makers in the collaboration [203]. However, calculat-
ing the nucleolus can be challenging when the number of players increases, especially when
it intertwines with solving combinatorial optimization problems. Despite these challenges,
the nucleolus provides more substantial support for decision-makers on cost allocation than
the core solution due to its superior stability properties and unique nature. Therefore, we
propose an effective mechanism to compute the nucleolus for the collaborative berth allo-
cation game.

To illustrate the above, we first give the definition of nucleolus from a mathematical
view and then describe the tight sets and balancedness proposed by [? ]. Next, we present
the general framework for finding the nucleolus. Then, we detail the designed verifying and
updating algorithms, respectively.

• Definition of the Nucleolus: We denote the excess of a coalition S as e(S, fff ) :=
C(S)− ∑m∈S fm = C(S)− fff (S), where the cost allocation vector is denoted by fff .
It reflects how satisfied the players in coalition S are with the corresponding cost
allocation in vector fff . For any fff , let ϒ( fff ) =

(
e( fff ,S1), ...,e( fff ,S2n−2)

)
be excess

values of 2n −2 coalitions with respect to cost allocation fff that are stored in a none-
decreasing order, n is the number of players in the coalition. The vector ϒ( fff ) is said
to be lexicographically greater than another vector ϒ( f̄ff ) if there exists h≤ 2n−2 such

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_47B



5.4.2 Cost allocation in the nucleolus 83

that ϒi( fff ) = ϒi( f̄ff ),∀1 ≤ i < h and ϒh( fff ) > ϒh( f̄ff ). We annotate ϒ( fff ) ⪰ ϒ( f̄ff ). The
nucleolus is defined as fff that makes ϒ( fff )⪰ ϒ( f̄ff ) for any f̄ff .

• Tight Sets: For the cost allocation fff , the following sets are defined: Ψ0( fff ) =
{{m},m = 1, ...,n : fm = C({m})}, H0( fff ) = {M} and Hk( fff ) = Hk−1( fff )∪Ψk( fff ).
For ∀k ≥ 1,

εk( fff ) = min
S/∈Hk−1( fff )

e(S, fff ),

Ψk( fff ) = {S /∈ Hk−1( fff ) : e(S, fff ) = εk( fff )}.

We regard Ψk( fff ) as tight sets in the sense that all possible coalitions that can obtain
the same excess εk( fff ) are included. In particular, Ψ0( fff ) is the set of players that can-
not gain cost savings from collaboration under the cost allocation fff ; in other words,
those players are on the boundary of violating their individual rationality.

• Balancedness: Given a set K0 ⊆ 2M , a set of coalitions A ⊆ 2M is called K0-balanced
if there exist vector τ ∈ R|K0|

≥0 and vector σ ∈ R|A|
>0 such that

u(M) = Σ
S∈K0

τ
⊤u(S)+ Σ

S∈A
σ
⊤u(S).

Here, fff (S) = Σ
m∈S

fm = fff⊤u(S),∀S ⊆ M. More specifically, if player m joins coalition

S, its corresponding mth element in vector u(S) is 1, otherwise 0.

Example 5.1 Given a 3-player game with costs C({1}) = −1, C({2}) = −2, C({3}) =
5, C({1,2}) = −6, C({1,3}) = −7, C({2,3} = −8, and C({1,2,3}) = −12. If starting
from imputation fff 0 = [−1,−4,−7], then ε1( fff 0) = −1, Ψ0( fff 0) = {{1}}, and Ψ1( fff 0) =
{{1,2}}. Hence, the current tight set Ψ1( fff 0) is not Ψ0( fff 0)-balanced. If we improve fff 1 =
[−2.5,−4,−5.5],then ε1( fff 1) = 0.5, Ψ0( fff 1) = /0, and Ψ1( fff 1) = {{1,2},{3}}. After this
step, we can see Ψ1( fff 1) is Ψ0( fff 1)-balanced. 2

The proposed framework

We propose an efficient mechanism for computing the nucleolus, which addresses the chal-
lenge of calculating each possible coalitional cost for finding nucleolus when the cost is
the output of a combinatorial optimization problem. The proposed framework of the mech-
anism is based on the Kohlberg criterion improved by [204] and [200]. However, their
methods to calculate the nucleolus require that the cost of each possible coalition is known.
This is quite challenging when each required cost is actually the output of a combinatorial
optimization problem. To tackle this issue, in this work, we develop an efficient mecha-
nism consisting of the verifying algorithm and the updating algorithm, which combines our
HCBAP optimization model into the iterative search process of the nucleolus. This mech-
anism effectively avoids the complexity of calculating each possible coalitional cost but
incorporates the characteristics of nucleolus to approach the nucleolus solution iteratively
with the idea of gradient descent. As described in Algorithm 3, starting from a core solu-
tion obtained in Section 5.4.1, we verify if the current cost allocation is the nucleolus via
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the verifying algorithm. If the current cost allocation fff passes the verifying algorithm, the
nucleolus is found; otherwise, our updating algorithm determines which terminals’ costs to
increase or decrease and by how much, generating a new cost allocation vector that is then
verified until the nucleolus is found.

Algorithm 3: The Framework for Calculating the Nucleolus
Input : grand coalition M, core solution fff
Output: The nucleolus solution fff

1 Initialization: H0 = {M} and k = 1, Ψ0 = {{m} : fm =C({m}),m ∈ M}
2 Run verifying algorithm:
3 while Rank(Hk−1)< n do
4 Calculate εk = min

S/∈Hk−1
{C(S)− fff (S)};

5 Form Ψk = {S /∈ Hk−1 : e(S, fff ) = εk}
6 if

⋃k
j=1 Ψ j is Ψ0-balanced then

7 Hk = Hk−1 ∪Ψk, and k = k+1
8 else
9 Output the current largest Ψ0-balanced set U ⊂ Ψk;

10 fff is not the nucleolus, go to line 14

11 if fff is the nucleolus then
12 stop
13 else
14 Run updating algorithm:
15 Generating direction λλλ and step size ρ;
16 Update fff = fff +ρλλλ;
17 Return to line 1

Verifying algorithm

The verifying algorithm is to verify if a cost allocation fff = { f1, ... fm} is the nucleolus
solution. As shown in Algorithm 3, the tight sets Ψ j( j = 1,2, ...k) is formulated iteratively,
observing ε1( fff )> ε2( fff )> ... > εk( fff ). The algorithm stops either at line 10 of Algorithm 3,
where the union of tight sets is found not Ψ0-balanced, or at line 12 of Algorithm 3, where
the rank of Hk−1 reaches n. The output Uk is the union that satisfies Ψ0-balancedness and
contains the largest number of possible coalitions. U = Ψk means the checkness is passed in
this iteration k, while U ⊂ Ψk means the Ψ0-balancedness check fails. The cost allocation
fff that can pass the Ψ0-balancedness check in each iteration k < n is the nucleolus we are
finding.

Updating algorithm

The adjustment is to keep the excess of coalitions that already pass the balancedness check
but increase that of the most unsatisfied coalitions in the unbalanced set. The procedure to
compute a direction vector λλλ and step size ρ is described in Algorithm 4, which is supported
by Proposition 5.2 and Corollary 5.3.
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5.4.2 Cost allocation in the nucleolus 85

Algorithm 4: Updating Algorithm for Generating λλλ and ρ

Input : Ψ0,Ψk,U
Output: Direction vector λλλ and step size ρ

1 Initialization: Π = /0

2 Obtain an adjusting direction λλλ via UDP
3 for ∀S ∈ N do
4 if 1−λλλ(S)> 0, and 1−λλλ(S) /∈ Π then
5 Π = Π∪{1−λλλ(S)}

6 ρ =−∞

7 for ∀χ ∈ Π do
8 ob j = max

(
εk( fff )− e(S, fff )

)
9 s.t. 1−λλλ(S) = χ

10 if ob j
χ

> ρ then
11 ρ = ob j

χ

12 ρ = max
(
{C({ j})− f j

λ j
: λ j < 0}∪ρ

)
Remark 5.2 If there exists a coalition S̄ (possibly more than one) such that εk( fff +ρλλλ) =
e(S̄, fff +ρλλλ) at iteration k, then when λλλ(S) < 1, λλλ(S̄) ≥ 1 and ρ < 0, the distance between
the excess of each coalition and the current minimal satisfaction decreases after adjustment.

2

Proof : ∀S ∈ M, at iteration k, the change of excess after adjustment is e(S, fff + ρλ)−
e(S, fff ) = C(S)−

(
fff (S) + ρλλλ(S)

)
−
(
C(S)− fff (S)

)
= −ρλλλ(S). The distance between the

excess of each coalition and the current minimal satisfaction for fff is ℓ( fff ) = e(S, fff )−εk( fff ),
and for fff +ρλλλ, it is ℓ( fff +ρλ) = e(S, fff +ρλ)− εk(S̄, fff +ρλ). The gap in the distance after
adjustment is ∆ = ℓ( fff +ρλλλ)− ℓ( fff ) = ρ

(
λλλ(S̄)−λλλ(S)

)
≤ ρ

(
1−λλλ(S)

)
< 0. 2

Based on Remark 5.2, we formulate the following model, denoted as UDP, to find an
adjusting direction λλλ.

min ∑
Ω∈Ψk\U

∑
j∈Ω

λ j (5.37)

Subject to:
∑
j∈Ω

λ j ≥ 1 ∀Ω ∈ Ψk \U (5.38)

∑
j∈Ω

λ j ≥ 0 ∀Ω ∈ Ψ0 (5.39)

∑
j∈Ω

λ j = 0 ∀Ω ∈U \Ψk (5.40)

Recall that three sets are formed when we check the Ψ0-balancedness: Ψ0, Ψk, and U .
Ψ0 contains all players whose distributed costs cannot be increased, that is, they are on the
boundary of violating individual rationality. Ψk is the tight set, and U is the largest Ψ0-
balanced set. We aim to find one coalition S̄ satisfying Remark 5.2 restricted in set Ψk \U ,
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which can guarantee the balanced set unchanged. The optimal solution is to find a direction
vector satisfying λλλ(S̄) = 1, λλλ(S)< 1, and ∆ < 0.

Remark 5.3 At iteration k, for ∀λλλ(S)< 1 and ρ < 0,

ρ ≥ εk( fff )− e(S, fff )
1−λλλ(((SSS)))

.

2

Example 5.4 For any S at iteration k, e(S, fff ) ≥ εk( fff ). Thus, e(S, fff +ρλλλ) = e(S, fff )−
ρλλλ(S)≥ εk( fff +ρλλλ) = εk( fff )−ρλλλ(S̄). After rearranging, we get e(S, fff )+ρ

(
λλλ(S̄)−λλλ(S)

)
≥

εk( fff ). Given λλλ(S̄) = 1 and λλλ(S)< 1, ρ ≥ εk( fff )−e(S, fff )
1−λλλ(S) . 2

As we decrease ρ from 0, the smallest moving step should be the largest ρ. Therefore,
for cost allocation fff at iteration k, the following model is proposed to calculate the adjusting
step size ρ.

max
εk( fff )− e(S, fff )

1−λλλ(S)
(5.41)

Subject to:
λλλ(S)< 1 (5.42)

Specifically, the objective function (5.41) is non-linear. Thus, we decompose the prob-
lem into several subproblems. The general procedure is to group S with the same value of
1−λλλ(S), and then find the maximum value of εk( fff )− e(S, fff ) within each group. Finally,
we choose the maximum one among all groups. The details are described from line 3 to line
11 in Algorithm 4. Besides, individual rationality should also be considered. Therefore, at
iteration k, the step size is:

ρ = max
({

εk( fff )− e(S, fff )
1−λλλ(S)

: λλλ(S)< 1
}
∪
{

C({ j})− f j

λ j
: λ j < 0

})
.

5.4.3 Illustrative example for comparing the core and the nucleolus

We have shown the overall cost savings for all terminals participating in the collaboration.
In this section, we focus on the cost allocated to the individual terminal so that they will
stay in the coalition, in other words, maintaining collaboration stability. First, we illustrate
a small instance’s core and nucleolus relationship with |N|= 10, |M|= 3, and |Bm|= 3. The
results are shown in Table 5.3. In this case, the cost of grand coalition is C({1,2,3})= 3243,
and the stand-alone cost of each terminal is C({1}) = 939, C({2}), and C({3}) = 1693.
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5.4.3 Illustrative example for comparing the core and the nucleolus 87

Table 5.3: Results of an illustrative example.

Terminal Stand-alone
RG-based Core The Nucleolus

Cost Improvement Cost Improvement
1 939.00 939.00 0.00% 939.00 0.00%
2 1482.00 1086.7 26.67% 1038.60 29.91%
3 1693.00 1217.3 28.09% 1265.40 25.26%

Total 4114.00 3243.00 21.17% 3243.00 21.17%

Figure 5.4 presents the individual cost of each terminal by two different cost allocation
methods. Compared with the stand-alone method, individual costs of two terminals are
reduced by joining the collaboration, and one remains the same.

T1

T2T3

900
1200
1500

Stand-alone

T1

T2T3

900
1200
1500

RG-Based Core

T1

T2T3

900
1200
1500

The Nucleolus

Figure 5.4: Different individual costs of an illustrative example with three Terminals.

We use Barycentric coordinates to illustrate the cost allocation in Figure 5.5, where the
vertex is defined as the maximum cost (stand-alone cost) each terminal can accept, and each
point inside the triangle represents a cost allocation. The definition of the core maps a stable
area in which there is no incentive for terminals to leave the grand coalition. As can be seen,
the RG-based core falls into the stable zone, and the nucleolus is also in the core.

Terminal 3

Terminal 1Terminal 2

Unstable

Unstable Unstable

Stable

The Nucleolus RG-Based  Core

Figure 5.5: Illustration of the relationship between RG-based core and the nucleolus.
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5.5 Computational experiments
This section conducts numerical experiments to evaluate the performance of the proposed
HCBAP model and the developed cost allocation algorithms for the stability of collabora-
tion. The MILP model is solved using CPLEX 12.7 with a time limit of 7200 seconds. We
code the presented algorithms in C++, and the experiments are conducted on the computer
using one node with 12 cores, 2x Intel XEON E5-6248R 24C 3.0GHz, and 192GB of RAM.

5.5.1 Instances
We created instances containing three vessel classes with the corresponding cost rates [142]
and loaded or discharged container quantity [136], shown in Table 5.4. The notation U
represents a uniform distribution of the given range. The vessel set of each instance consists
of 60% Feeder, 30% Medium, and 10% Jumbo. The expected arrival time is randomly
generated within the planning horizon (T = 168h), and the expected departure time is also
obtained successively. The number of QCs equipped at each terminal is set between 2 to
10. Besides, each terminal’s cost rate of QC service is set as cκ = 10 [142]. We pre-set
the terminal where each vessel is contracted to visit, and the distance between terminals is
generated randomly.

Table 5.4: Vessel-related parameters setting (unit is given in 10 dollars).

Class Unit Cost of Vessel i ∈V Container Quantity(gi)QC-hour demand (wi) Waiting (cω
i ) Tardness (cδ

i )
Feeder U[5,15] U[100,199] U[100,199] U[500,3500]
Medium U[15,50] U[200,299] U[200,299] U[3500,5000]
Jumbo U[50,65] 300 300 U[5000,7500]

5.5.2 Improvement with the HCBAP model
To evaluate the effectiveness of the proposed collaborative strategy for berth allocation,
we compare the results of our HCBAP model with the stand-alone planning method. The
stand-alone method reflects an independent decision-making process without collaboration
among terminals: the vessel can only wait at the contracted terminal until there are available
berths and QCs. To compare the HCBAP model’s performance in dealing with disruption
caused by vessel delay, we define total berthing costs indicated by the objective function as
recovery costs when testing the model in cases of disruptions.

In Table 5.5, the first column states the instance properties, including the number of
vessels |V |, the number of terminals |M|, and the number of berths at each terminal |Bm|.
The columns denoted by “Z” show the total cost defined by function (5.1). Besides, “Cdelay”
reports the cost of tardiness caused by vessel delay, and “Ctrans” displays the container trans-
shipment cost because of vessel transfer between terminals. The column “Topt” is the time
for solving the HCBAP model. The increase in transshipment cost, the decrease in tardi-
ness cost, and the total cost savings by the HCBAP model are indicated in column“ICtrans”,
“DCdelay”, and “Zsave” respectively.
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We test 28 instance scales with up to 45 vessels and seven terminals. Instances with
“−dr” represent the disruption caused by arrival delays of calling vessels in this paper. The
average results of three different instances for each scale are displayed in Table 5.5. As seen
in the table, while the collaborative strategy can incur extra container movements between
terminals (denoted by the parameter cι

im), the HCBAP model exhibits significant potential
in alleviating the overall costs incurred by all terminals through the reduction of time ineffi-
ciencies resulting from vessels awaiting service at their designated terminal. Regarding the
instances without disruption, although collaborative berth planning incurs extra transship-
ment costs Ctrans, it dramatically reduces the tardiness cost Cdelay. On average, with a 4.02%
increase in transshipment cost, the tardiness cost can be decreased by around 33.68%; con-
sequently, our model can result in around 28.44% savings for the total cost. Our HCBAP
model also performs well when dealing with disruption, with around 34.75% savings com-
pared with the stand-alone method. Furthermore, the reduction of vessel tardiness also
shows excellent potential for releasing port congestion. Thus, the HCBAP model proposed
in this paper significantly improved over the stand-alone method without collaboration.

To show the effectiveness of the proposed HCBAP model in dealing with disruptions,
we compare extra costs after disruptions, with and without collaboration in Figure 5.6. As
we can see from the figure, our HCBAP model significantly decreases the recovery costs.
In other words, our HCBAP model can significantly lower the recovery costs in disruptive
scenarios caused by arrival delays of calling vessels. In this regard, it contributes to the
enhancement of resilience.
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Figure 5.6: Comparison of recovery costs between stand-alone method and our HCBAP
model.
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5.5.3 Results of cost allocations by RG-based core and the nucleolus

In this section, we have calculated the core and the nucleolus based on cooperative game
theory to allocate the coalitional costs among collaborative terminals. As described in Sec-
tion 5.4, the calculation of the core and the nucleolus requires multiple iterations of the
MILP model, and thus it is computationally quite challenging even with a limited number
of participants. For example, the instance of 10-3-3-I1, takes 2227.34 seconds to solve
the BAP in a one-player setting, if we want to obtain the core and the nucleolus solu-
tions, we need to solve this BAP for every subset of players. This leads to a computa-
tional time of 2227.34× 7 = 15591.38 ≃ 4.33h, for the smallest considered instance 10-
3-3 in Table 5.6. For the largest instance 30-6-6-I2, it takes 7208.84 seconds in the one-
player setting, and the expected time to obtain core and nucleolus solutions can come to
7208.84× (26− 1) ≃ 126h, that is, more than 5 days. The accepted computational time
for operational BAP is within the maximum 3 hours [38]. Thus, enumeration is impossible
while our proposed algorithms can find the results within 7200s.

For evaluating the performance of the proposed algorithms for calculating the core and
the nucleolus, in this section, we compare the cost allocation results for individuals ob-
tained by our algorithms with those obtained by the Proportional to Stand-alone Costs (PSC)
method [124]. The PSC method distributes costs among all players according to their stand-
alone costs, and the formulation of PSC is as follows:

fi =
C({i})

∑ j∈M C({ j})
C(M),

where fi is the cost allocated to player i, C({ j}) is the stand-alone cost of player j, and
C(M) is the coalitional cost of the grand coalition M.

There are two main allocation concepts in cooperative that grant stability in cooperative
game theory: the core and the nucleolus. We provide exact solutions for both methods. That
is, we can claim with certainty that the provided allocations are stable in terms the relevant
theoretical foundations. We present the numerical results of our RG-based Core and the
nucleolus in Table 5.6, comparing them with the PSC method. In addition to the same
notations as Table 5.5, for each cost allocation method, we report the total cost of grand
coalition “ZHCBAP”, the running time in seconds “Time”, the number of terminals that can
obtain cost savings “NOm”, and the minimum percentage of individual cost savings “Min”,
the maximum value“Max” as well as the average value “Ave”. Individual rationality has
been considered a necessary condition in the core and the nucleolus; thus, we only check
that for the PSC method, represented by “ IR”.

As we can see from column (3) in Table 5.6, using the PSC cost allocation method, only
16 of 33 instances can satisfy the requirement of individual rationality, which means the in-
dividual terminal will cost more within collaboration than without in most cases. Compared
with PSC, the definition of our RG-based core and the nucleolus have considered individ-
ual rationality as strict constraints, guaranteeing no terminals perform worse than working
alone. Notably, in columns (10) and (15), 0.00% cost savings means there are some termi-
nals whose costs in the collaboration are the same as working alone. As long as the costs are
not increased, for those terminals, there are many other benefits to form the coalition. For
example, by joining the coalition, they can improve their service level by providing more
candidate space for their customers. It may not bring extra profits in some instances, but it
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92 5 Collaborative Berth Allocation with Row Generation for Stable Cost Allocation

may save a lot in other cases. No matter in which cases, they will not perform worse than
working alone. Therefore, we can say the coalition is stable as long as there is no worse
performance in profits in the coalition than working alone. However, by the PSC cost allo-
cation method, many negative figures are shown in columns (5), implying that some players
whose costs have even increased after joining the collaboration; for those players, they may
choose to leave the coalition, and thus, the collaboration is unstable. Comparing the last row
of columns (5), (10), and (15), the average of the minimum cost savings for all 33 instances
is -15.76% by the PSC method, while it is 0.00% by our RG-based Core and 4.48% by the
nucleolus, showing a considerable improvement on collaboration stability by the proposed
RG-based Core and the nucleolus than the PSC method.

In Figure 5.7, we illustrate the great deviation of the cost allocation obtained by the PSC
compared with the proposed RG-based core and the nucleolus for individual terminals in
the coalition. It further highlights the necessity of applying the proposed cost allocation
methods rather than the naive PSC method.
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94 5 Collaborative Berth Allocation with Row Generation for Stable Cost Allocation

By analyzing the number of terminals that obtain individual cost savings shown in
columns (9) and (14) of Table 5.6, we observe that the nucleolus solution can always make
more terminals gain benefits than the RG-based core solution. This effect is gradually re-
markable in larger instances with more vessels and terminals. That means more individual
terminals can be firmly convinced not to leave the coalition; thus, collaboration stability
is improved. The minimum and maximum cost savings among terminals further confirm
our observation. As seen from Figure 5.8, the statistical analysis reveals that the nucleo-
lus method can produce superior individual cost savings compared to the RG-based core.
The average minimum cost savings of the nucleolus solution is 4.48%, larger than 0.00%
of the RG-based core solution, emphasizing the critical role of the nucleolus in strength-
ening collaboration stability. In contrast, the average maximum savings is 79.81% in the
core, while it turns smaller to 43.34% in the nucleolus solution. Consequently, compared
to the RG-based Core, the nucleolus significantly decreases the variance of individual cost
savings by 49.67% (on average of all considered instances), indicating that more terminals
gain from the cost savings generated by collaboration, and consistently establishing stronger
collaboration incentives for terminals.
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Figure 5.8: Analysis of individual cost savings for instances with different vessel size.

As shown in Figure 5.9, the difference between Min and Max of the RG-based core is
considerably larger than that of the nucleolus. In other words, the nucleolus solution allo-
cates the total cost savings brought by collaboration more “evenly” to each terminal. Thus,
more terminals benefit from collaboration so that they have a clear incentive to collaborate,
and thereby, the stability is further enhanced.

From the computational time shown in Table 5.6, we can also see that finding a core
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Figure 5.9: Difference between Max and Min of RG-based core and the nucleolus.

solution is much faster than finding a nucleolus solution. Thus, the decision-makers can
choose the cost allocation strategy according to practical situations. When the core solution
is not satisfying enough to convince individual terminals, the nucleolus solution becomes
more significant even though its calculation is time-consuming.

5.6 Discussion and key insights

The following discussion presents key findings from our study on horizontal collaborative
berth planning. While the collaborative strategy can incur extra container movements be-
tween terminals, the proposed berth allocation based on inter-terminal collaboration exhibits
significant potential in alleviating the overall costs by reducing time inefficiencies resulting
from vessels awaiting service at their designated terminal. These findings highlight the
potential of collaboration in cost savings and facilitate its practical implementation. The
following are the main findings:

(1) The proposed collaborative berth allocation approach demonstrates a significant cost
reduction potential for terminal operators, in both conventional and disruptive sce-
narios: Our experimental results showcase significant (28.44%) savings in overall
costs in conventional scenarios. Specifically, despite a 4.02% increase in tranship-
ment costs, the tardiness cost decreased by around 33.68%. In disruptive scenarios,
the total cost savings reach 34.75% with a notable reduction of 54.98% in tardiness
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costs, indicating the positive impact of terminal collaboration on alleviating port con-
gestion after disruptions.

(2) Collaboration among terminals is an effective means to reduce recovery costs after
disruptions: In managing disruptions, terminal operators have to face additional costs
associated with berthing plan adjustment, referred to as recovery costs. However, our
results indicate that collaboration among terminals provides an economically viable
opportunity for vessels to transfer to another terminal for earlier service. On aver-
age, the proposed collaborative berth allocation approach has been shown to reduce
recovery costs by 54%, with a range of 30% to 70%, thus significantly enhancing the
resilience of terminal operations.

(3) Stable and attractive collaboration incentives (with the core and nucleolus) can be
achieved at a moderate cost: Terminal operators may decline to join a coalition if
they do not see clear benefits by comparing their individual costs/gains in a collabo-
rative setting vs. a non-cooperative setting (also referred to as a stand-alone setting).
The results of our numerical experiments calculating the core and the nucleolus en-
sure that the cost allocated to individual terminals does not exceed their stand-alone
costs, on average, achieving savings of 22.97% and 23.92% for individual costs, re-
spectively, thereby maintaining stable collaboration incentives. That is, ensuring sta-
ble and attractive collaboration incentives (based on the core and nucleolus) results in
average savings that are only about 5 percentage points lower than the hypothetical
collaboration optimum (28.44%).

(4) Simple allocation methods bear the risk of unstable collaboration incentives: Ap-
plying the PSC cost allocation method [124], which distributes costs based on stand-
alone costs, the experimental results reveal an undesirable trend. In over half of the
instances (17 out of 33) examined, individual costs for terminal operators remained
increasing despite a decrease in overall costs. The PSC cost allocations have largely
deviated from our RG-based core and the nucleolus solution, where the maximum de-
viation of individual costs with RG-based core and the nucleolus can occupy 36.27%
and 35.26% of the total costs, respectively. These findings highlight the inherent in-
stability of collaboration among terminal operators when cost allocations provided by
the core and nucleolus are not adequately considered.

(5) The nucleolus increases the number of terminals benefiting from collaboration for all
instances: In our experimental instances, the nucleolus solution outperforms the RG-
based core in all instances examined regarding the number of terminals achieving
cost reductions. That is, the nucleolus allocations yield more terminals with actual
improvements, while the core solutions have more terminals that do not improve (i.e.,
remain with the standalone costs) by collaboration. Moreover, compared to the RG-
based core solution, the nucleolus significantly decreases the variance of individual
cost savings in a coalition by 49.67% (on average over all considered instances),
indicating that more terminals gain from the cost savings generated by collaboration.
Thus, the nucleolus solutions consistently establish stronger collaboration incentives
for terminals.
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5.7 Conclusions
Collaboration has become vitally important as a strategy in the maritime sector to respond to
disruptions in global supply chain networks, for instance, imposed by the COVID-19 pan-
demic or the Red Sea crisis. The container crisis further highlighted that container terminals
have a crucial role as scarce resources in these global networks. As a result, new alliances
and digital platforms are introduced in an attempt to facilitate collaborative planning of
maritime transport operations. Related research, nevertheless, often either entirely disre-
gards the collaboration incentives of the involved parties or assumes unrealistically small
problem sizes, which significantly limits the application potential for real-world problems.
Consequently, collaboration becomes unstable. That is, actors may be hesitant to engage
in collaboration or leave a collaboration because they do not perceive a clear benefit in
comparison to a non-collaborative scenario.

In this chapter, we address the fourth research question (Q4): “How to generate attrac-
tive and stable collaboration” by suggesting a collaborative berth allocation approach and
propose new row-generation-based algorithms that obtain exact solutions for stable collab-
orative berth allocation, based on the game theoretic concepts of the core and the nucleolus.

We find the proposed collaborative berth allocation approach leads to significant average
cost savings (28.44%) in comparison to the non-collaborative strategy, even after deducting
costs related to additional container movements. We further observe that ensuring stable
and attractive collaboration incentives (based on the core and nucleolus) results in average
savings of 22.97% and 23.92%, which are only slightly below the hypothetical optimum of
unconstrained collaboration. Comparing these results to those of a simple cost allocation
method from the related literature, we find that the simple method violates the stability
criteria of the core (i.e., collaboration leads to increased costs for players) in almost 17 of
33 considered instances. We also see that delays caused in disruption scenarios are reduced
when applying the proposed collaborative optimization approaches, and related recovery
costs are reduced by 54.98% on average. Finally, our results demonstrate that the nucleolus
increases the number of actors with clear collaboration benefits, showcasing an average
49.67% decrease in the variability of individual payoffs in comparison to the core solutions.

These findings extend earlier research on the multiport berth allocation [38, 94] by in-
vestigating a new form of collaboration in berth allocation and proposing exact and stable
collaboration mechanisms based on the core and the nucleolus. To the best of our knowl-
edge, the proposed row-generation approach is the first of its kind to obtain exact nucleolus
solutions for combinatorial optimization problems. Both row-generation algorithms pro-
vide general-purpose solution approaches for a large set of related (np-hard) collaborative
assignment, routing, or scheduling problems. On the other hand, in terms of practical impli-
cations, this study confirms the potential to explore advanced collaboration for efficient and
resilient maritime transport and highlights the importance of using stable allocation methods
to create strong and lasting collaboration incentives.

In the next chapter, we study the establishment of green maritime corridors where mul-
tiple stakeholders are involved collectively to shape a zero-emission future for the maritime
shipping industry.
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Chapter 6

Network Design and Refueling
Station Location Problem for
Green Maritime Corridors and
Emission Trading

Based on studies of the establishment of stable collaboration in Chapter 5, Chapter 6 an-
swers the research question (Q5): “How to design green maritime corridors for achieving
a decarbonized or zero-emission future in maritime shipping?”. The maritime shipping in-
dustry, responsible for 3% of global greenhouse gas emissions, is facing increasing pressure
to transition towards decarbonization and ultimately zero emission due to the escalating
threat of climate change. This tremendous environmental pressure has inspired the concep-
tualization of green maritime corridors. Despite initial empirical studies highlighting their
potential, the design of these shipping networks and the establishment of necessary refu-
eling stations for alternative fuel ships remain underdeveloped. Furthermore, the impact
of the European Emission Trading System (EU ETS), implemented in 2024, on maritime
stakeholders and its effectiveness in incentivizing investments in carbon-free or zero-carbon
technologies is poorly understood. Therefore, this chapter presents the first optimization ap-
proach for designing green maritime corridors.

This chapter is organized as follows. Section 6.1 introduces the research background.
Section 6.2 presents a literature review of related works. Section 6.3 describes the opti-
mization problem, while Section 6.4 provides the mathematical model formulations. The
experimental results are shown in Section 6.5 by case study. Finally, Section 6.6 summarizes
this chapter.

This chapter will be submitted [24]1

1X. Lyu, R. R. Negenborn, F. Schulte (2024), The network design and refueling station location problem for
green maritime corridors and emission trading.
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6.1 Introduction

To transition towards decarbonization and ultimate zero emission for the maritime sector,
the International Maritime Organization (IMO) has established an ambitious target of re-
ducing 50% GHG emissions by 2050 compared with 2008. This urgent need to reduce
emissions requires actions of maritime shipping operators. Green maritime corridors can be
applied to decarbonize the shipping industry [205], and it is defined as a designated network
of shipping routes, ports, and associated infrastructure strategically designed to advocate for
maritime shipping practices with low or zero emissions. The primary contributor to emis-
sions stems from the combustion of marine fuels. Thus, such green corridors aim to promote
alternative fuels instead of fossil fuels at sea. In 2021, the Clydebank Declaration aims to
establish at least six shorter green maritime corridors by the mid-2020s and increase long-
distance routes by 2030 [206]. This idea of creating green maritime corridors has recently
attracted considerable attention, with governments, ports, and shipping lines announcing the
establishment of green corridors jointly as the first step. In addition, the European Emission
Trading System (EU ETS) has entered into practice in maritime transportation to accelerate
the decarbonization transition. More knowledge is needed on the impact of EU ETS on
shipping costs and how this can incentivize stakeholders to invest in carbon-free measures
such as creating green maritime corridors.

Several keys are pointed out to the success of any green maritime corridor in [207], and
one significance is developing alternative fuel access and port infrastructure. Regarding the
potential adoption of methane or LNG, ammonia, and hydrogen in maritime liner shipping,
extensive studies in recent years have positioned them as promising alternative fuels for
marine fuels to reduce emissions [208, 209]. However, beyond technical feasibility, it is es-
sential to align maritime operations and further plan with the ongoing or near-future energy
transition [210]. Specifically, implementing these alternative fuel ships in maritime trade
fundamentally requires bunkering infrastructure and corresponding operational capabilities,
which are necessary for navigating along designed shipping routes to satisfy the transport
requirements between ports. Thus, the design of the shipping network to undertake trans-
port tasks and the investment in bunkering infrastructure to support specific alternative fuel
ships are significant for green maritime corridors to succeed from the operational level.

In the literature, researchers primarily focus on governmental policy or technological ad-
vancements for conceptualizing green maritime corridors [211]. Certain empirical studies,
in particular, actively underscore the pivotal role of developing green corridors in advanc-
ing decarbonization within the maritime transportation sector. For example, in [212] and
[213], they have scrutinized the viability of green maritime corridors for soybean exporta-
tion in Brazil, reporting notable reductions in costs and emissions. Moreover, creating cor-
ridor networks is demonstrated to be able to empower individual stakeholders to formulate
customized low-carbon or zero-emission solutions [214], as substantiated through a case
study within Norway’s offshore shipping sector. However, little attention has been paid to
the operational modifications required for the successful implementation of green maritime
corridors in practical terms. Notably, the design of the shipping network within the corridor
and the requisite bunkering stations to support alternative fuel ships within the network still
need to be developed. Additionally, implementing green maritime corridors necessitates
collaborative efforts from multiple stakeholders, wherein shipping lines, port operators, and
governmental bodies are pivotal contributors, jointly working together to create the corri-
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dors. Thus, given the implementation of EU ETS, it is vital to estimate emissions fees that
need to be paid within different scenarios and compare them with the investment costs for
green maritime corridors, providing incentives for shipping operators to join the corridor
establishment.

This chapter proposes a general framework to assist the government and companies in
designing effective green maritime corridors. Specifically, we first developed a network de-
sign and refueling station location problem with green maritime corridors to minimize the
overall costs. Our model captures potential synergies across different routes and geograph-
ical regions by considering a network of green corridors. Then, we discuss the emissions
fees with EU ETS to show the benefits of creating green maritime corridors and the incen-
tives for maritime shipping operators to invest. To the best of our knowledge, this is the
first optimization approach to designing green maritime corridors from the operational level
and analyzing the impact of EU ETS on incentivizing these carbon-free measures. Our case
study reports the green maritime corridor network with the optimized refueling station loca-
tion. Incorporating EU ETS shows that even with low carbon emission fees, investment in
creating corridors is more cost-saving for shipping operators. Overall, this work contributes
to energy transition in the maritime domain.

6.2 Literature review

Green maritime corridors are regarded as a relatively new and promising concept for de-
carbonizing maritime transportation. The overarching purpose is to develop a network of
designated maritime shipping routes by running alternative fuel ships to minimize carbon
emissions. The establishment of green maritime corridors encompasses several key pre-
requests. First, alternative fuels in maritime transportation should be applied from a techni-
cal perspective. For example, liquefied natural gas (LNG)[215], ammonia [216], and hydro-
gen [217] have been widely discussed as promising candidates in recent years. Second is
the collaboration across the value chain, such as port authorities, shipping companies, cargo
owners, and alternative fuel producers/providers. Since COP26, many stakeholders in the
maritime shipping industry have been forced to support the development of green corridors,
as shown in Figure 6.1. In detail, Table 6.1 concludes the name, announced time, vessel
type, alternative fuel, status, and target time of the planned green maritime corridors. Most
of the announced green maritime corridors are in their initial partnership stage, and the op-
erational planning problem about how to run alternative ships along the corridor routes still
needs to be solved.

Limited research in the literature focuses on the perspective of implementing green mar-
itime corridors, that is, how to commercially operate those alternative ships within the
planned corridors. From the optimization modeling standpoint, one closely related study
in the literature is the liner shipping network design problem (LSNDP). It is informally
defined by [218] as: “given a collection of ports, a fleet of container vessels, and a group
of origin-destination demands, construct a set of services for the container vessels such
that the overall operational expenses are minimized while ensuring that all demands can be
routed through the resulting network, respecting the capacity of vessels”. Recently, with the
implementation of multiple carbon policies in maritime shipping, many researchers have
incorporated the reduction of total CO2 emissions in LSNDP by integrating various carbon
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Figure 6.1: Green maritime corridors planned in the world [207]

policies [219, 220]. These studies have shown that these carbon policies can significantly
influence the economic performance of LSNDP. From January 2024, EU ETS has been
compulsory in maritime transportation. Since its launch in 2005, several studies have dis-
cussed the open questions on its potential impact and effectiveness [221]. The investigation
by [222] provides support for the positive impact of EU ETS on providing sufficient incen-
tives for specific emission abatement measures. Considering the excellent investment for
establishing green maritime corridors, it is important to explore the effects of EU ETS on
incentivizing shipping operators to contribute to the construction of alternative fuel ships
and refueling infrastructures, thereby promoting the development of green maritime corri-
dors.

Green maritime corridors introduce another dimension to this complex network design
problem by integrating clean fuel refueling facilities at ports. Our work aligns closely with
existing literature on flow refueling location models (FRLM) that primarily focus on locat-
ing alternative fuel facilities for road transport. The model proposed by [223] relates fuel
demand to specific routes defined by their origin and destination. They assume that a refu-
eling station can satisfy the demand only if it is located along the route. Such route-based
demand representation is more realistic for practical refueling scenarios. Recent advance-
ments have seen the adaptation of the FRLM model for maritime refueling network design,
mainly considering LNG as an alternative marine fuel [224]. The study of [225] apples the
FRLM model to support decision-makers in building an LNG bunkering network, address-
ing both truck-to-ship and pipeline-to-ship refueling. Furthermore, a multi-period planning
framework is designed by [226] to optimize the refueling barge fleet and routes for ship-to-
ship bunkering operations.

However, very limited studies focus on the shipping network and refueling design simul-

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_57B



6.3 Problem description 103

taneously for establishing green maritime corridors from the operational perspective. Given
the overview of the current announced green maritime corridors, providing an implementa-
tion plan is necessary to promote achieving their target for decarbonization. Therefore, we
present the first optimization approach for designing green maritime corridors considering
the integrated shipping and fuel network design problem. Based on this model, we compare
the economic impacts of EU ETS and further analyze the potential incentives brought by
EU ETS for shipping operators to invest in green corridors.

6.3 Problem description

There are multiple open questions for governments and companies to address to establish
successful green maritime corridors in the face of many different carbon policies, espe-
cially the effect of EU ETS. First, how can the shipping routes of alternative fuel ships be
organized so that the cargo transport demands among the involved ports can be satisfied?
Second, where (which port) and with which capacity can the bunkering infrastructure be
built to support the running of those alternative fuel ships on the established routes? Third,
how will EU ETS impact shipping costs and emissions, and can it generate efficient in-
centives for those ports and shipping lines to motivate them to invest in establishing green
corridors?

To answer the above questions, we propose a mathematical model for liner shipping
network design with refueling station location problem, in which the shipping routes and
bunkering infrastructure construction are planned simultaneously. Based on this model, we
obtain answers to the most pressing questions about green maritime corridors in the form
of:

(1) A weekly plan for the liner shipping company to operate their alternative fuel ships
within the green corridor, consisting of the port-call sequence and bunkering port for
ships;

(2) Port investments (which capacity and where?) on the bunkering infrastructure that can
support the running of ships on the established routes, including the location (which
port) of the refueling stations and their capacities;

(3) An estimation of shipping costs and emission reduction with and without EU ETS,
comparing with the investment cost on green maritime corridors and analyzing the
incentives for shipping lines and ports.

Based on the definition of the green shipping corridor concept in [205], this section is to
design a shipping and fuel network for supporting the establishment of green maritime cor-
ridors from the operational level, which consists of zero-emission maritime routes between
two or more ports and bunkering infrastructures to refuel alternative-fuel ships at ports. The
proposed network design and refueling station location problem supports establishing any
green maritime corridor based on some alternative-fuel energy. Even though the problem is
relevant for most types of ocean shipping, we present it from the liner shipping perspective.

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_58A



104 6 Network Design and Refueling Station Location for Green Maritime Corridors

6.3.1 Assumptions
In this model, we address the optimization of shipping routes that call a predetermined se-
quence of ports, each pair having a specified transportation demand. The distance between
each port pair is known, allowing for calculating sailing times based on a given sailing
speed. The routes will be serviced by a selection of alternative fuel vessels, each character-
ized by specific capacities and associated with defined investment costs, sailing fuel costs,
and idle fuel costs when docked at ports. The investment costs for constructing refueling
stations of various capacities are also provided, and the costs for integrating zero-emission
technologies into the refueling infrastructure are already included.

A critical assumption in our model is that a single type of vessel capacity is selected
for each route, ensuring uniformity in vessel size for all departures from any port. This
assumption is grounded in practical considerations to maintain realistic and consistent route
planning. We aim to identify the optimal vessel routing and refueling station capacities that
minimize total costs while meeting transportation demands.

6.3.2 Problem definition
At the strategic planning level, it is imperative to identify optimal locations for refueling sta-
tions that can support the operation of alternative-fueled ships. Given the substantial capital
investment required for refueling infrastructure, making informed strategic decisions is cru-
cial. At the tactical planning level, the design of the shipping network must be undertaken.
This involves determining ship routes, which consist of the sequence of port visits by the
fleet, and assigning ships to these routes. During the operational stage of transitioning from
traditional routes to green corridors, carriers must decide which cargo to accept or reject
and which paths to use for serving the selected cargo, a challenge commonly known in the
literature as the cargo-routing problem.

Decisions at these various levels are interdependent. Strategic-level decisions provide
overarching guidelines for tactical and operational decisions, while cost and revenue data
generated during operations offer critical feedback for refining higher-level strategies. In re-
sponse to these interdependencies, we propose an integrated model for network design that
incorporates refueling station location and addresses the cargo routing problem for each
alternative-fueled ship. Specifically, we tackle the LSNDP by organizing alternative fuel
ships to support decision-making for planned green maritime corridors. Our formulation
simultaneously addresses ship scheduling and cargo routing within the green corridor, with
particular emphasis on the refueling station location problem to ensure the effective opera-
tion of the green shipping network.
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106 6 Network Design and Refueling Station Location for Green Maritime Corridors

6.4 Mathematical formulation

6.4.1 Notation
All the notations used in the formulation are listed in Table 6.2.

Table 6.2: Notation of sets, parameters, and decision variables used in Chapter 6

Notation Explanation
Sets
V Set of all vertex on graph G = (V,E)
Eg Set of ground edges on graph G = (V,E)
Ev Set of voyage edges on graph G = (V,E)
E f Set of fictitious edges on graph G = (V,E)
E Set of all edges on graph G = (V,E), E = Eg ∪Ev ∪E f
R Set of routes operated by the involved carriers
P Set of ports where refueling station can be built
T Set of vessel types (different capacity)
C Set of refueling station capacity at ports
W Set of all index triplets (o,d, i) with o, d, i,

representing origin, destination, and day of the week, respectively
Re Set of routes using arc e ∈ E
Pr

e Set of ports that can refuel arc e on route r, e ∈ Ev
EIN

v Set of incoming edges into vertex v
EOUT

v Set of out-going edges from vertex v
Parameters
R(o,d,i) Unit revenues ($/TEU) by satisfying the demand of (o,d, i) ∈W
cι

t Fixed cost of investing one vessel of type t ∈ T
cω

pc Fixed cost of investing and operating one refueling station with capacity c at port p
cθ

tr Weekly running cost for one vessel of type t ∈ T on route r ∈ R
cκ

e Costs of shipping a TEU cargo on edge e or costs of storing a TEU of cargo at port
ht Fuel consumption (tons per day) for vessels of type t ∈ T when idle at the port
gt Fuel consumption (tons per day) for vessels of type t ∈ T during sailing voyage
D(o,d,i) Demand quantities (in TEUs) from port o to port d on day i, (o,d, i) ∈W
de,e = (v,u) The number of days it takes on edge e from vertex v to vertex u
Nr (Minimal) Number of ships to serve route r ∈ R
Sr Sailing time (days) of route r ∈ R
Ir Idle time at port of route r ∈ R
Lp (Maximal) Refueling capacity that port p ∈ P can provide
λt Capacity (in TEUs) for a vessel of type t ∈ T
ρ Fuel price (/ton)
φ (Minimal) Number of routes to choose (invest) in the corridor
Decision variables
q(o,d,i)e The quantity of containers demands (in TEUs) allocated to edge e ∈ E
xr Binary, equal to 1 if route r ∈ R is selected, and 0 otherwise
yt

rp Binary, equal to 1 if ships of type t ∈ T on route r ∈ R choose to refuel at port p ∈ P
αpc Binary, equal to 1 if the refueling station with capacity c is built at port p
mtr Number of vessels of type t ∈ T assigned to route r ∈ R

6.4.2 Modeling approach
We define a triplet (o,d, i) to represent a particular demand commodity transport, character-
ized by the origin port o, the destination port d, and the day i of the week when the supply is
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available at port o. Given that, generally, no route visits more than one port in one day, and
each port is called at least once a week, we consider days as our time units and one week
as our planning horizon. We formulate our model based on a directed space-time network
G= (V,E) with vertex set V and edge set E, similar as described in [227]. Each vertex v∈V
represents a port p ∈ P on the day of the week i ∈ {1,2,3,4,5,6,7}, denoted by vpi or v de-
pending on the exposition ease. We define three types of edges in the network G = (V,E).
First, we construct voyage edges Ev to represent the movement of ships from one port to
another; Second, we create ground edges Eg to show the overnight staying of ships at a port;
Third, we also construct fictitious edges E f for all demands. That is, E = Ev ∪Eg ∪E f .

Figure 6.2 illustrates one shipping route in a space-time network with four ports, in
which two ports are invested to provide refueling services for alternative fuel ships. The
length of the edge represents de(v,u) days it takes for a ship movement on edge e = (v,u),
denoted by de for simplicity. Correspondingly, de = 1 for e ∈ Eg and de = 0 for e ∈ E f .
As shown in Figure 6.2, serving such a shipping route with the green corridor necessitates
various variable and fixed costs. In our model, we consider four types of costs. First, cι

t is
the cost for each type t ∈ T of alternative fuel ship invested by shipping companies. Second,
cω

pc is the cost of investing and operating a refueling station with capacity c∈C at port p∈P.
Third, cθ

tr represents the weekly running costs incurred by vessels in operation, and fourth,
cκ

e reflects the variable cost of cargo movements. In detail, cκ
e for e ∈ Ev represents the cost

of shipping a TEU cargo on voyage edge, and cκ
e for e ∈ Eg denotes the cost of holding

a TEU cargo at the port. The relevant costs are zero for all fictitious edge e ∈ E f . The
route set R contains all the routes operated by the involved carriers that Nr can satisfy the
number of ships required to maintain a weekly port-call frequency, which can be shown as
a sequence of vertices from vertex v1 to vr or edges e1 to er−1, that is, r = [v1,v2, ...vr] or
r = [e1,e2, ...er−1].

Figure 6.2: Illustration of a shipping route in a space-time network with four ports

6.4.3 Formulations

Based on the above notations, we develop our formulation as follows:
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min ∑
t∈T

∑
r∈R

cι
tmtr + ∑

c∈C
∑
p∈P

cω
pcαpc + ∑

t∈T
∑
r∈R

cθ
trmtr

+ ∑
t∈T

∑
r∈R

ρxr(Srgt + Irht)+ ∑
(o,d,i)∈W

∑
e∈Eg∪Ev

cκ
e q(o,d,i)e

− ∑
(o,d,i)∈W

j=7

∑
j=1

R(o,d,i)q(o,d,i)(vd j ,voi)

(6.1)

Subject to:

∑
e∈EIN

v

q(o,d,i)e − ∑
e∈EOUT

v

q(o,d,i)e = 0 ∀v ∈V,(o,d, i) ∈W (6.2)

∑
(o,d,i)∈W

q(o,d,i)e − ∑
r∈Re

∑
t∈T

λtmtr ≤ 0 ∀e ∈ Ev (6.3)

j=7

∑
j=1

q(o,d,i)(vd j ,voi)
≤ D(o,d,i) ∀(o,d, i) ∈W (6.4)

∑
t∈T

∑
r∈Re

( ∑
e∈Ev

gtdeyt
rp + ∑

e∈Eg

htdeyt
rp)≤ ∑

c∈C
cαpc ∀p ∈ P (6.5)

∑
c∈C

cαpc ≤ Lp ∀p ∈ P (6.6)

∑
p∈P

∑
c∈C

αpc ≤ 1 (6.7)

∑
p∈P

yt
rp = mtr ∀t ∈ T,r ∈ R (6.8)

Nrxr ≤ ∑
t∈T

mtr ∀r ∈ R (6.9)

mtr ≤ Mxr ∀t ∈ T,r ∈ R (6.10)

mtr ≥ xr ∀t ∈ T,r ∈ R (6.11)

∑
r∈R

xr ≥ φ ∀t ∈ T,r ∈ R (6.12)

q(o,d,i)e ≥ 0 ∀(o,d, i) ∈W,e ∈ E (6.13)

mtr ≥ 0 ∀t ∈ T,r ∈ R (6.14)

yt
rp ∈ {0,1} ∀r ∈ R, p ∈ P, t ∈ T (6.15)

αpc ∈ {0,1} ∀p ∈ P,c ∈C (6.16)

xr ∈ {0,1} ∀r ∈ R (6.17)

The objective function (6.1) minimizes the total system costs within the green maritime
corridor. The first two terms capture the investment costs of vessels and refueling sta-
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tions, respectively. The third term represents the weekly costs incurred by operating those
alternative fuel ships within the green corridor. The fourth term obtains the fuel costs in-
cluding consumption during both the sailing in the sea and idling at the port. The fifth term
denotes the costs of shipping cargoes along the routes connecting various origin and desti-
nation pairs. The last term computes the revenue generated from fulfilling cargo transport
demands, compensating system costs.

Constraint (6.2) ensures commodity flow balance at each vertex of the space-time net-
work. For each commodity (o,d, i) ∈W , the total flow into each vertex v must be equal to
the flow out of it. Constraint (6.3) is an edge capacity constraint, which ensures that the
total flow on a voyage edge should be within the capacity of all types of vessels operated
on that edge. Constraint (6.4) guarantees that the total flow of a given commodity from its
origin port to the destination port cannot exceed the demand at the destination port. Con-
straint (6.5) ensures that the capacity of the refueling station must satisfy the alternative fuel
demands of all vessels required from this refueling station. We assume that a ship would be
fueled up to its capacity and thus, the required quantity of alternative fuels at the refueling
station is equal to the days travelled multiplied by the fuel consumption rate. Constraint
(6.6) requires that the fuel capacity of the refueling station is less than or equal to the max-
imal alternative fuels that the port can invest. Constraint (6.7) states that only one capacity
can be chosen by a port to build the refueling station. Constranit (6.8) ensures that all ships
running the route can be refueled at the port. Constraint (6.9) states all types of vessels
assigned to each route should not be less than the minimal number of vessels required by
this route. Constraints (6.10-6.11) define the internal relationship between two variables mtr
and xr, representing that the vessels can only be assigned to the route being selected to op-
erate within the green corridor. Constraint (6.13) satisfies the requirements on the minimal
number of routes to invest within the corridors. Finally, constraints (6.14-6.17) denote the
properties of all decision variables.

6.5 Case study

We consider the Northern European & Baltic Green Corridor project initiated in December
2021. As shown in Figure 6.3, the project involves collaborative efforts involving pioneering
ports in the Baltic Sea region: the Ports of Gdynia, Roenne, Rotterdam, and Tallinn, as
well as the Hamburg Port Authority. This initiative was undertaken in partnership with
the Maersk Mc-Kinney Moller Center for Zero Carbon Shipping, while it is still at the
initial pre-feasibility stage. Our model aims to provide decision support on establishing
green shipping corridors from the operational level and drive the maritime industry to zero
emission in the future.

In the following, we describe the data input used in creating the Northern European
Corridors in Section 6.5.1. We follow that by presenting the shipping network and bunkering
design suggested by our model for creating the green corridor in Section 6.5.2. Next, we
study the potential benefits of carbon dioxide emissions with and without considering EU
ETS in Section 6.5.3.
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Figure 6.3: Map of Green Corridor in Northern Europe and the Baltic Sea

6.5.1 Input data

Costs relevant to apply alternative-fuel vessels are shown in Table 6.3. In the Northern Eu-
ropean & Baltic green maritime corridor, four liner shipping routes are under consideration,
including Route 1: Port of Rotterdam → Port of Hamburg → Port of Rønne → Port of Rot-
terdam, Route 2: Port of Rotterdam → Port of Hamburg → Port of Rønne → Port of Gdynia
→ Port of Tallinn → Port of Rotterdam, Route 3: Port of Hamburg → Port of Tallinn →
Port of Gdynia → Port of Hamburg, and Route 4: Port of Rotterdam → Port of Rønne →
Port of Tallinn → Port of Gdynia → Port of Rotterdam. While currently serviced by con-
ventional vessels, there are plans to introduce alternative-fueled vessels in the coming years
to establish environmentally sustainable corridors. We obtain the distance between ports
from the website https://www.routescanner.com/ and calculate the days it takes by vessel
speed of 18 knots.

Table 6.3: The parameters values for vessel types utilized in experiments [228]

Parameter Unit Value
Type A Type B

Capacity TEU 900 1500
Operating speed Knot 18 18
Fixed vessel investment costs cι

t 103 $ 48.3 60.4
Fuel consumption at sea gt Ton/Day 75 90
Fuel consumption in port ht Ton/Day 5 5
Operating costs (to calculate cθ

tr ) 103$/Day U [8,10] U [14,16]
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Table 6.4: The route-relevant parameters

Parameter Unit Route 1 Route 2 Route 3 Route 4
Number of ships Nr Ship 1 2 1 2
Sailing time at sea Sr Day 2 7 6 8
Idle time in port Ir Day 4 3 1 1

According to [229] and [230], port investment costs of bunkering structure are generated
randomly from 300 103$/Ton to 700 103$/Ton, with the capacity of bunkering station in
10000, 12000, 15000, 18000 tons, respectively. The OD demands are generated according
to history data published by Maersk shipping line.

The total amount of CO2 emissions by the traditional fuel vessels by multiplying a factor
of converting fuel cost to CO2 defined by [231]:

ECO2
f = 3.17,

representing the amount of tons of CO2 emissions by burning per ton of traditional fuel.

6.5.2 Green maritime corridor design

Table 6.5 shows the proposed corridor design for the Northern European Green Maritime
Corridor under different values of φ representing the limitation of routes number to in-
vest. Regarding the implementation from the operational perspective, several decisions are
provided by our model, including alternative-fueled vessel deployment, shipping network
design, and bunkering station investment. In detail, we report the selected routes, bunkering
station location and capacity, alternative-fueled ship types and numbers, reduced CO2 emis-
sions, total corridor costs, and the cost for unit reduction of CO2 emissions. We observe that
each type of alternative fuel ship is deployed on each selected route, and the Port of Ham-
burg and the Port of Rotterdam are the two most potential ports where bunkering stations
are located. Figure 6.4 visually represents the Northern European Creen Maritime Corridor.

Table 6.5: Results of Northern European corridor network design based on our model

Bunker Station Alternative-fueled Ship Reduced CO2
Emissions

(ton)

Total Corridor
Costs
(103$)

Unit Cost of
CO2 Reduction

(103$/ton)
Selected
Route Location Capacity

(ton) Type Number

φ = 1 R1 Hamburg 10000
A
B

1
1 912.96 27735.50 30.38

φ = 2 R1, R3 Rotterdam 12000
A
B

2
2 1210.94 32255.60 26.64

φ = 3 R1, R2, R3 Hamburg 12000
A
B

3
3 1965.40 30553.60 15.55

φ = 4 R1, R2, R3, R4 Hamburg 15000
A
B

4
4 2288.74 32203.60 14.07

Next, in Figure 6.5, we compare the total reduction of CO2 emissions and the cost of
unit CO2 reduction under the different sizes of the network (represented by φ). It is shown
that the total reduction of CO2 emissions increases with investing more routes into the green
corridors, and the unit cost for emission reduction decreases simultaneously.
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(a) φ = 1 (b) φ = 2

(c) φ = 3 (d) φ = 4

Figure 6.4: Northern European & Baltic green maritime corridor
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Figure 6.5: Impact of network size on CO2 emissions
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6.5.3 Cost comparison with consideration of EU ETS

Maritime transportation was announced to be included into the European Union Emission
Trading System (EU ETS) that entered into force on January 1, 2024. The EU ETS comes
as a result of the increasing regulatory landscape imposed by the IMO, which will directly
impact the EU maritime shipping market. The high carbon tax fee provides potential incen-
tives for creating green maritime corridors. Therefore, we compare the payment on carbon
emissions under the regulation of EU ETS with the investment on alternative-fueled ships
and bunkering stations, implicating the attraction of creating green maritime corridors.

One emission allowance in EU ETS, referred to as EEA in our paper, represents one ton
of CO2 equivalent. For example, EEA = 66 means one ton of C02 emissions need to pay
for 66$ for operators. There is a planned stage to count all CO2 emissions into EU ETS
gradually, thus, in Figure 6.6, we compare the CO2 emission costs under different EEA first
and under different cases on 25%, 35%, 50%, 70%, 100% percentage of CO2 emissions
phrased-in EU ETS. From Figure 6.6(c) and Figure 6.6(d), we observed that the investment
on establishing at least three routes is attractive for operators under EU ETS. Moreover, the
continuously rising prices of the carbon allowances and the expected inclusion of shipping
into the EU ETS has created a need to understand the financial exposure related to shipping
for operators. Furthermore, as shown in Figure 6.6(a) and Figure 6.6(b), even with the low
EEA, the larger percentage of CO2 phrased-in EU ETS, the carbon tax payment increased
dramatically to exceed the investment on green corridors, which provides sufficient incen-
tives for operators to take specific measures to join establishing green maritime corridors.
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Figure 6.6: Comparison with consideration of EU ETS
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6.6 Conclusions
This chapter answers the research question (Q5): “How to design green maritime corridors
for achieving a decarbonized or zero-emission future in maritime shipping?”. In this chapter,
we propose a network design and refueling station location problem for establishing green
maritime corridors from the implementation perspective, where the sequence of port calls,
the optimal number of vessels to deploy in the service, and the optimal refueling station
location and capacity are included in the decisions. The proposed model minimizes the
total costs of running alternative fuel ships within the green corridors.

We apply the model to the announced European Green Maritime Corridors. The re-
sults show the scale of economy on the cost of CO2 emission reduction, that is, from
30.38(103$/ton) with running on one route to 14.07(103$/ton) with running on four routes
in the corridor. Furthermore, we discuss the impact of EU ETS on shipping costs because of
carbon emissions with different emission allowances. Even with a low emission allowance,
the carbon emission payment caused by EU ETS can dramatically exceed the investment
cost of establishing green maritime corridors. Therefore, the EU ETS can provide sufficient
incentives for shipping operators and stakeholders to contribute to the design of green corri-
dors. In future work, the proposed model can be tested on different cases of the announced
green corridors, and more types of alternative fuels should also be considered in different
corridors.
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Chapter 7

Conclusions and Future Research

This thesis investigates the collaborative strategies to enhance maritime and port operations
toward resilience and decarbonization from an OR perspective. Based on the identified two
main types of collaboration, horizontal and vertical collaboration approaches are examined
and studied, respectively, to show the performance of the proposed collaborative schemes.
A general cost allocation mechanism based on cooperative game theory is developed to es-
tablish an attractive and stable collaboration. Besides, we propose the optimization model
for establishing green maritime corridors based on collaboration among multiple stakehold-
ers, promoting maritime shipping towards decarbonization or even zero-emission from the
operational perspective.

This last chapter concludes the thesis. The research questions in Chapter 1 are answered
in Section 7.1. Section 7.2 presents the managerial insights for managers and policy-makers
based on the results of this thesis. Finally, Section 7.3 provides future research directions.

7.1 Research questions
This section answers the five sub-reasearch questions and the main research questions pre-
sented in Chapter 1. The main research question is answered by addressing five sub-research
questions through Chapters 2-6.

7.1.1 Sub-research questions
We summarize answers to these sub-questions as follows:

1. What are the characteristics and key challenges of collaborative maritime and port
operations?

In Chapter 2, we identify three key collaboration types (horizontal, vertical, and hor-
izontal and vertical collaboration) consisting of three main stakeholders (shipping
lines, port or terminal operators, and other logistics service providers), analyzing the
related collaborative systems. In this way, we bring the fragmented problems together
and thus identify research gaps to promote collaborative strategies for maritime trans-
port for higher efficiency, resilience, and decarbonization.

115
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2. How do OR methodologies contribute to the decision-making of collaborative systems
in maritime and port operations?

By Chapter 2, we made a dedicated literature survey on collaborative maritime and
port operations from the OR perspective. In the literature survey, we specifically
strengthen the OR contributions (e.g., innovative models, algorithms, and mecha-
nisms).

Reviews on vertical and horizontal collaboration in maritime and port operations
highlight the potential for developing collaborative maritime shipping systems. Tech-
nological advancements, like real-time information sharing, call for innovative busi-
ness frameworks and new models even for traditional problems. We find that most
existing studies assume that the collaboration has already been established, ignoring
the incentives and stability of the collaboration. Thus, other than collaborative plan-
ning models, it is important to provide methods for incentivizing individual members
to join the partnerships.

3. How does collaboration work as a means for efficient and resilient port operations?

In Chapter 3, based on horizontal collaboration, a collaborative berth planning model
is proposed in response to disruption, which focuses on the collaboration among ter-
minals and transshipment connections between vessels, as concluded in Table 2.3.
The results from the performed computational experiments of this chapter, consider-
ing multiple scenarios with disruptive events, show consistent cost savings up to 40%
and average cost savings in the range of 11.43%-23% for the suggested collaborative
strategy in terms of costs for the terminal operators. In Chapter 4, based on vertical
collaboration, we develop a hybrid berth allocation optimization model dedicated to
bulk ports, as concluded in Table 2.1. In addition to considering the handling charac-
teristics of bulk ports, unavailability and stock-level constraints are also incorporated
into the integrated decision-making process. The experimental results show that inte-
grating unavailability constraints into the BAP model can significantly decrease total
demurrage fees.

4. How to generate attractive and stable collaboration?

Existing collaborative planning models often disregard the requirements and incen-
tives of stakeholders or simply solve idealized small instances. Thus, in Chapter 5,
we design attractive and stable collaboration mechanisms by allocating the coalitional
benefits fairly and reasonably among individuals, as concluded in Table 2.4. In detail,
we first define the collaborative berth allocation problem and propose a mixed integer
linear programming (MILP) model; then, we adopt the core and the nucleolus con-
cepts from cooperative game theory to allocate the coalitional costs so stakeholders
have stable incentives to collaborate. To obtain solutions for realistic instance sizes,
we propose two exact row-generation-based core and nucleolus algorithms that are
versatile and can be used for various combinatorial optimization problems. The re-
sults of our numerical experiments calculating the core and the nucleolus ensure that
the cost allocated to individual terminals does not exceed their stand-alone costs, on
average, achieving savings of 22.97% and 23.92% for individual costs, respectively,
thereby maintaining stable collaboration incentives. That is, ensuring stable and at-
tractive collaboration incentives (based on the core and nucleolus) results in average

PROEF Trail Xiaohuan Lyu BW.job_10/16/2024_64B



7.1.2 Main research question 117

savings that are only about 5 percentage points lower than the hypothetical collabo-
ration optimum (28.44%).

5. How to design green maritime corridors for achieving a decarbonized or zero-emission
future in maritime shipping?

In Chapter 6, we propose an optimization model to minimize the overall costs by
establishing green maritime corridors, with and without an emission trading system
such as EU ETS. A further comparison between the emission tax costs and investment
costs on green corridors is presented. The results show the scale of economy on the
cost of CO2 emission reduction, that is, from 30.38(103$/ton) with running on one
route to 14.07(103$/ton) with running on four routes in the corridor. Cost compar-
isons with the EU ETS, we find that even with a low emission allowance, the carbon
emission payment caused by EU ETS can dramatically exceed the investment cost
of establishing green maritime corridors. Therefore, the EU ETS provides sufficient
incentives for shipping operators and stakeholders to join green corridors.

7.1.2 Main research question

The main research question is: How can collaborative strategies contribute to maritime and
port operations towards a higher level of efficiency, resilience, and decarbonization?

We begin with a comprehensive literature survey on collaboration in maritime and port
operations, classifying the development of collaborative strategies. Following this review,
we explore new decision-making optimization opportunities in both horizontal and verti-
cal collaboration. For horizontal collaboration, we propose an innovative berth planning
model based on terminal collaboration, which accounts for practical disruptions to enhance
resilience. In the context of vertical collaboration, we investigate an integrated berth plan-
ning approach for bulk terminals. Experimental results emphasize the necessity for bulk
terminal managers to incorporate constraints such as unavailability and stock levels into
their decision-making processes to ensure operational stability and minimize costs. From
a practical standpoint, effective incentive schemes for forming collaboration is crucial. To
address this, we propose exact and stable collaboration mechanisms using the core and the
nucleolus and develop two exact row-generation-based algorithms to solve realistic instance
sizes, offering general-purpose solutions for a wide range of related NP-hard collaborative
assignment, routing, or scheduling problems. The results of the proposed cost-allocation
algorithms underscore the importance of stable allocation methods to foster lasting collabo-
ration. In terms of decarbonization, the concept of green maritime corridors is promising yet
still in its conceptual stage. To support implementation, we present the first optimization ap-
proach for designing green maritime corridors. We compare the costs of investing in green
corridors with EU ETS costs, demonstrating sufficient incentives for shipping stakeholders
to participate in establishing green maritime corridors.

Table 7.1 shows the attributes of the collaboration in maritime and port operations that
have been addressed in each chapter of this thesis. The findings of this thesis in Chapters
3, 4, and 6 provide decision support for different collaborative systems in maritime and
port operations. Specifically, the proposed cost allocation mechanism based on cooperative
game theory in Chapter 5 gives general-purpose support for incentivizing partners to form
collaboration and maintain stability in practice.
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Table 7.1: Features of collaboration in maritime and port operations in Chapters 3-6.

Collaboration
type

Involved
stakeholders Decision

problem
Objective Collaboration

incentives/stabilityTO SL LP E R D

Chapter 3 H ✓
Berth allocation

problem for
container terminals

✓ ✓ NO

Chapter 4 V ✓ ✓ ✓
Berth allocation

problem for
bulk terminals

✓ NO

Chapter 5 H ✓
Berth allocation

problem & shared
cost allocations

✓ ✓ YES

Chapter 6 H & V ✓ ✓
Green maritime

corridor & refueling
design

✓ ✓ NO

H:horizontal; V:vertical; TO:terminal operators; SL:shipping lines; LS: logistics providers;
E:efficiency; R:resilience; D:decarbonization.

7.2 Managerial insights

The results of this thesis provide managerial insights for managers and policy-makers to
enhance the performance of maritime and port operations. The main managerial insights
are listed as follows:

1. Ports with multiple terminals are highly recommended to apply the collaborative
berth planning approach proposed in Chapter 3 to decide when and where the call-
ing vessels should be berthed based on sharing the resources of berths and quay
cranes among terminals. In particular, for handling disruptions in ports, the trans-
shipment connections between feeder and mother vessels should also be considered
when rescheduling the berthing plan.

2. Bulk terminal operators are expected to benefit from the integrated berthing strategy
proposed in Chapter 4 by incorporating more practical factors (e.g., unavailability of
berths and the stock level).

3. The proposed berth allocation based on inter-terminal collaboration in Chapter 5 ex-
hibits significant cost reduction potential for terminal operators in both conventional
and disruptive scenarios.

4. The proposed general-purpose row-generation method to obtain the core and nucleo-
lus cost (or profit) allocations for the combinatorial optimization problem in Chapter
5 can help to generate stable and attractive collaboration incentives.

5. With the developed optimization model of network design and refueling station lo-
cation problem in Chapter 6, the shipping industry can obtain decision support to
establish green maritime corridors from the implementation level.
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7.3 Future research directions

7.3.1 Research limitations of this thesis and improvement directions
There are still challenges for the methodological framework and its application proposed in
this thesis. These challenges also indicate some future research directions.

1. In Chapter 5, we proposed a horizontal berth allocation planning model based on
terminal collaboration, considering the extra costs of exchanging containers between
terminals. However, it does not explicitly consider the corresponding emission and
disruption costs on port-hinterland operations caused by these extra movements. In
reality, the feasibility of these container moving can significantly impact the achieve-
ment of the collaborative model. Therefore, in the future, the berth planning model
combining the horizontal collaboration among terminals and the vertical cooperation
between terminal operators and hinterland logistics service providers is worth further
exploring for higher performance on cost savings (or profit improvement).

2. In Chapter 4, we tested the performance of an integrated berthing strategy for bulk
terminals in a small instance size with three terminals and up to 18 vessels by the
commercial software CPLEX. However, our model can not solve large-scale instances
using CPLEX within a reasonable computing time. Future work should develop some
algorithms for testing larger-scaled instances.

3. In Chapter 5, the proposed two cost allocation algorithms get over the restriction of
the number of players. However, they are restricted to the speed of getting the optimal
value of the optimization model of berth allocation. Furthermore, our cost allocation
algorithms require the exact solutions of the optimized berth allocation model as in-
put. Thus, developing effective exact algorithms to speed up the computation of the
berth allocation model has great potential for applying the cost allocation methods to
larger instance sizes.

4. Chapter 6 tested the network design and refueling station location model based on the
intra-Europe network–European Green Maritime Corridors with five ports and four
shipping routes. Future research should further test the performance of the proposed
model in larger and more complex inter-continent networks, such as the Singapore-
Rotterdam corridor.

7.3.2 Future research agenda
Several future research agenda in a broader scope are given as follows:

1. Identifying collaborative settings and establishing optimization techniques
Since planning processes based on resource-sharing from multiple stakeholders are
more complex than general planning, some studies simplify the constraints in opti-
mization models. However, in the collaborative vehicle routing and network prob-
lem, such as vessel scheduling in shipping alliance and truck scheduling for container
drayage operation, the results without the assumption of homogeneous fleets of each
member, same service frequencies, and deterministic sailing speed on the leg will be
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worthy of making the model more in line with practice. Also, some realistic con-
straints, such as drafts, and tide, physical constraints of port layout, and soft restric-
tions could be considered in the mathematical modeling under collaboration setting.

2. Exploring the effective combination of machine learning method with the OR method
Many collaborative planning problems in maritime and port operations are combina-
torial optimization problems with NP-hard features. Therefore, many researchers rely
on heuristics that need to be mathematically well-defined, although computationally
time-saving. Moreover, the proposed exact algorithms are confined to the application
because most of them are problem-specific. Recently, the Machine Learning (ML)
method has been brought to the attention of OR researchers. Thus, a promising re-
search direction is the integration of ML and OR, which takes advantage of the com-
putational simplicity of ML and the mathematical excellence of OR simultaneously.
For instance, the CBAP model presented in this thesis is formulated based on the Ex-
pected Arrival Time (ETA) of vessels. Enhancing the accuracy of ETA predictions can
significantly improve port efficiency, as highlighted by [232]. Given this, exploring
berth planning optimization with ETA predictions powered by ML techniques repre-
sents a highly promising direction for future research. Such advancements could not
only refine the precision of planning but also lead to more streamlined and adaptive
port operations.

Considering the multiple stakeholders involved in the collaboration making decisions
based on expectations of others’ actions and potential payoffs, on one hand, ML can
enhance this by using data-driven models to predict player behavior and choices. On
the other hand, ML could be used to learn optimal mechanisms or incentive structures
from data. For instance, if terminal operators and shipping companies need to col-
laborate on berth allocation, ML could identify patterns in their behavior and suggest
incentive schemes that lead to optimal cooperation.

3. Advanced models accounting for uncertainty and flexibility
Real-time planning relating to disruptive considerations is interesting. The disrup-
tions of container flows caused by the COVID-19 pandemic have brought maritime
researchers and practitioners close attention to disruptive management issues. Thus,
dynamic routing and speed optimization are necessary for ocean shipping and port
logistics to maximize profits [129] in a highly dynamic environment. Also, the in-
formation can be continuously exchanged among the collaborative members due to
the advancement of technology. Therefore, we need one-demand planning models to
support flexible and real-time collaboration, such as incomplete information sharing
and membership change.

4. Exploring innovative collaboration based on autonomous system
Automated technology advancement in hardware (facility) and software (informa-
tion sharing) proposes new opportunities for freight maritime transportation. Due to
a higher level of automation, reduced human involvement opens new collaborative
planning problems in autonomous transportation with distinct features. The platoon-
ing form (e.g., vessel train and truck platoon) is still in its infancy. For real-world
implementation, more practical considerations need to be further explored, such as
dealing with the uncertainty of travel time, system sustainability, and network design
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upgrading for maximizing the benefits of platooning [117]. Regarding the develop-
ment of automated container terminals, there is a set of new planning problems ac-
companying the innovative handling modes based on the coordination of autonomous
vehicles.
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Glossary

List of abbreviations
Below follows a list of abbreviations in this thesis.

GHG Greenhouse Gas
IMO International Maritime Organization
PCS Port Community System
IoT Internet of Things
AI Artificial Intelligence
OR Operation Research
ITT Inter-terminal Transport
TAS Truck Appointment System
JIT Just In Time
BVS Blue Visby Solution
BAP Berth Allocation Problem
ILP Integer Linear Programming
FSLP Flexible Ship Loading Problem
TQC Tandem Quay Crane
AGV Automated Guided Vehicle
QC Quay Crane
YC Yard Crane
IP Integer Programming
MIP Mixed Integer Programming
LSFRDP Liner Shipping Fleet Deployment and Repositioning Problem
FRP Fleet Repositioning Problem
ALNS Adaptive Large Neighborhood Search
BACAP Berth Allocation and Quay Crane Assignment
m-TSPTW Multiple Traveling Salesman Problem with Time Window
TEU Twenty-foot Equivalent Unit
SWO Squeaky Wheel Optimization
TS Tabu Search
BACSP Berth Allocation and Quay Crane Scheduling Problem
BP Branch and Price
HCBAP Horizontal Collaborative Berth Allocation Problem
VCBAP Vertical Collaborative Berth Allocation Problem
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RG Row Generation
PSC Proportional to Stand-alone Costs
EU ETS European Emission Trading System
LSNDP Liner Shipping Network Design Problem
FRLM Flow Refueling Location Models
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Samenvatting

Zeescheepvaart is essentieel voor de wereldhandel en vereist de gecoördineerde inspan-
ningen van rederijen, havens en logistieke dienstverleners. Het verbeteren van de samen-
werking tussen deze belanghebbenden is van cruciaal belang voor het verbeteren van de
operationele efficiëntie, vooral bij het aangaan van de uitdagingen die COVID-19 met zich
meebrengt en het doel om tegen 2050 een netto-nul-uitstoot te bereiken. Technologische
ontwikkelingen zoals het Internet of Things (IoT), 5G-netwerken, big data en Blockchain
hebben nieuwe mogelijkheden gecreëerd voor samenwerking en de ontwikkeling van inno-
vatieve zakelijke raamwerken in de transportsector. De eerste gezamenlijke inspanningen
waren gericht op het vergroten van het concurrentievermogen, maar de nadruk is verschoven
naar het bereiken van ecologische duurzaamheid en veerkracht.

De afgelopen decennia heeft onderzoek de aanzienlijke voordelen van samenwerking in
maritieme scheepvaartketens benadrukt. Studies ter ondersteuning van operationele praktij-
ken moeten echter nog steeds worden uitgebreid, verspreid en gefragmenteerd. Het imple-
menteren van samenwerkingsstrategieën is een uitdaging, omdat deze nieuwe benaderingen
extra inspanningen in planningsmodellen voor samenwecting vereisen om een effectieve uit-
voering te garanderen. Gezien de recente vooruitgang op het gebied van de samenwerking
op het gebied van het wegvervoer, is het tijd om te onderzoeken hoe academisch onderzoek
in de maritieme sector zich ontwikkelt. Dit proefschrift classificeert dimensies en werpt
licht op Operations Research (OR)-methoden voor collaboratieve maritieme en havenopera-
ties. Het onderzoekt hoe samenwerking op het gebied van maritiem transport zich verhoudt
tot en verschilt van andere domeinen van collaboratief transport. Bij het implementeren
van samenwerkingsmodellen is het essentieel om rekening te houden met de uiteenlopende
belangen van meerdere belanghebbenden en duidelijke prikkels te ontwerpen om deelname
aan ad-hoc-samenwerkingen te motiveren. De onderzoeksvraag die in dit proefschrift wordt
behandeld is: Hoe kunnen samenwerkingsstrategieën bijdragen aan maritieme en havenac-
tiviteiten in de richting van hogere efficiëntie, veerkracht en het koolstofvrij maken?

Ten eerste biedt het delen van middelen nieuwe mogelijkheden voor optimalisatie van
de besluitvorming en introduceert het tegelijkertijd nieuwe OK-uitdagingen. Voor terminals
beperkt de capaciteit van ligplaatsen en kadekranen de efficiëntie van de havenactiviteiten,
wat vraagt om innovatieve samenwerkingsvormen en bijbehorende planningsmodellen. Om
de veerkracht van de zeescheepvaart te vergroten zijn modellen nodig met praktische afwe-
gingen voor verstoringen. Dit proefschrift onderzoekt een innovatieve benadering van lig-
plaatsplanning gebaseerd op horizontale samenwerking en stelt een geı̈ntegreerd ligplaats-
model voor als aanvulling op verticale samenwerkingsvormen.

Ten tweede is het vanuit praktisch oogpunt van cruciaal belang om effectieve stimu-
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leringsregelingen voor het vormen van samenwerking te identificeren. In horizontale sa-
menwerkingsverbanden, waar de leden vaak concurrerend zijn, zijn samenwerkingsprik-
kels essentieel voor beslissingsondersteunende modellen bij gezamenlijke planning. Dit
proefschrift onderzoekt een nieuwe vorm van horizontale samenwerking bij de toewijzing
van ligplaatsen, gebaseerd op terminale samenwerking, en stelt exacte en stabiele samen-
werkingsmechanismen voor die gebruik maken van de kern en de nucleolus. Er zijn twee
exacte op rijgeneratie gebaseerde algoritmen ontwikkeld om realistische instantiegroottes
op te lossen, waardoor algemene oplossingsbenaderingen worden geboden voor een groot
aantal gerelateerde (np-harde) problemen op het gebied van samenwerkingstoewijzing, rou-
tering of planning.

Ten derde richten bestaande onderzoeken zich primair op het optimaliseren van het lang-
zaam stomen van schepen en havenafhandelingsactiviteiten om de brandstofkosten te verla-
gen en zo bij te dragen aan het koolstofvrij maken. De impact van deze aanpak op de emis-
siereductie is echter beperkt. Het ambitieuze doel om een koolstofneutraal 2050 te bereiken
vereist dat regeringen, onderzoekers en maritieme praktijkmensen gezamenlijk prioriteit
geven aan het koolstofarm maken van de economie. Dit proefschrift presenteert de eerste
optimalisatieaanpak voor het ontwerpen van groene maritieme corridors en biedt kritische
richtlijnen voor beleidsmakers en belanghebbenden uit de sector bij het implementeren van
maritieme groene corridors op operationeel niveau.

Dit proefschrift biedt een reeks benaderingen voor veerkrachtige en koolstofarme ge-
zamenlijke maritieme en havenoperaties. Het bevestigt het potentieel voor geavanceerde
samenwerking om de efficiëntie, veerkracht en het koolstofarm maken van de zeescheep-
vaart te verbeteren. Het benadrukt het belang van stabiele toewijzingsmethoden om sterke
en duurzame samenwerkingsprikkels te bevorderen.
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Summary

Maritime shipping is essential for global trade, requiring the coordinated efforts of shipping
lines, ports, and logistics providers. Enhancing collaboration among these stakeholders is
crucial for improving operational efficiency, especially in facing the challenges brought by
COVID-19 and the goal of achieving net-zero emissions by 2050. Technological advance-
ments such as the Internet of Things (IoT), 5G networks, big data, and Blockchain have
created new opportunities for collaboration and the development of innovative business fra-
meworks in the transportation sector. Early collaborative efforts focused on enhancing com-
petitiveness, but the emphasis has shifted towards achieving environmental sustainability
and resilience.

Over the past decades, research has highlighted the significant benefits of collaboration
in maritime shipping chains. However, studies supporting operational practices still need to
be expanded, scattered, and fragmented. Implementing collaborative strategies is challen-
ging, as these new approaches require additional efforts in collaborative planning models to
ensure effective execution. Given recent advancements in road transportation collaboration,
examining how academic research in the maritime sector is evolving is timely. This thesis
classifies dimensions and sheds light on Operations Research (OR) methods for collabora-
tive maritime and port operations. It explores how collaboration in maritime transport com-
pares to and differs from other domains of collaborative transportation. When implementing
collaborative models, it is essential to consider the diverse interests of multiple stakeholders
and design clear incentives to motivate participation in ad-hoc collaborations. The research
question addressed in this thesis is: How can collaborative strategies contribute to maritime
and port operations towards higher efficiency, resilience, and decarbonization?

First, resource-sharing collaboration opens up new decision-making optimization op-
portunities while introducing novel OR challenges. For terminals, the capacity of berths
and quay cranes limits the efficiency of port operations, calling for innovative collaboration
forms and corresponding planning models. To enhance the resilience of maritime shipping,
models with practical considerations for disruptions are required. This thesis investigates
an innovative berth planning approach based on horizontal collaboration and proposes an
integrated berthing model to complement vertical collaboration forms.

Second, from a practical standpoint, it is crucial to identify effective incentive schemes
for forming collaboration. In horizontal collaborations, where members are often compe-
titive, collaboration incentives are essential for decision-support models in collaborative
planning. This thesis explores a new form of horizontal collaboration in berth allocation
based on terminal collaboration and proposes exact and stable collaboration mechanisms
using the core and the nucleolus. Two exact row-generation-based algorithms are develo-
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ped to solve realistic instance sizes, providing general-purpose solution approaches for a
large set of related (np-hard) collaborative assignment, routing, or scheduling problems.

Third, existing studies primarily focus on optimizing the slow steaming of vessels and
port handling operations to reduce fuel costs, contributing to decarbonization. However,
this approach’s impact on emissions reduction is limited. The ambitious goal of achieving
carbon-neutral 2050 requires governments, researchers, and maritime practitioners to pri-
oritize decarbonization efforts collaboratively. This thesis presents the first optimization
approach for designing green maritime corridors, offering critical guidance for policyma-
kers and industry stakeholders on implementing maritime green corridors at the operational
level.

This thesis provides a series of approaches for resilient and decarbonized collabora-
tive maritime and port operations. It confirms the potential for advanced collaboration to
enhance maritime shipping efficiency, resilience, and decarbonization. It highlights the im-
portance of stable allocation methods to foster strong and lasting collaboration incentives.
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