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A B S T R A C T

Seaports are responsible for consuming a large amount of energy and producing a sizeable amount of
environmental emissions. However, optimal coordination and cooperation present an opportunity to transform
this challenge into an opportunity by enabling flexibility in their generation and load units. This paper
introduces a coordination framework for exploiting flexibility across multiple ports. The proposed method
fosters cooperation between ports in achieving lower environmental emissions while leveraging flexibility to
increase their revenue. This platform allows ports to participate in providing flexibility for the energy grid
through the introduction of a green port-to-grid concept while optimising their cooperation. Furthermore,
the proximity to offshore wind farms is considered an opportunity for the ports to investigate their role in
harnessing green hydrogen. The proposed method explores the hydrogen storage capability of ports as an
opportunity for increasing the techno-economic benefits, particularly through coupling them with offshore
wind farms. Compared to existing literature, the proposed method enjoys a comprehensive logistics-electric
model for the ports, a novel coordination framework for multi-port flexibility, and the potentials of hydrogen
storage for the ports. These unique features position this paper a valuable reference for research and industry
by demonstrating realistic cooperation among ports in the energy network. The simulation results confirm the
effectiveness of the proposed port flexibility coordination from both environmental and economic perspectives.
1. Introduction

Maritime transport plays a vital role in facilitating global trade.
According to the UK’s Department of Transport [1], a staggering 95% of
UK imports and exports rely on seaborne transportation. Despite its piv-
otal role, this platform can contribute to several pressing global issues,
such as environmental emissions with 2.89% of global greenhouse gas
emissions in 2018 [2]. In 2019, the share of the UK domestic shipping
sector alone in producing greenhouse gases was more than combined
emissions from rail and bus transport [3]. These alarming issues could
worsen in the future due to the operational and regulatory policies,
potentially leading to even more dramatic consequences and higher
levels of emissions. These challenges raised the global concerns over
the operation of seaports.

Electrifying seaports is considered a pivotal solution to address this
issue, and pave the way for a cleaner maritime industry. It can be
a game-changing solution that can contribute to a more sustainable
future [4], and integration of ports into the decarbonised energy net-
work offers a multitude of benefits for ports and energy grid operators.
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Thanks to their strategic location, ports can serve as a host for different
low or zero-emission technologies, such as renewable energy sources
(RESs). Furthermore, due to the abundance of wind power generation
available along the coastline, ports can play a vital role in increasing
the utilisation of RESs. This strategic position also paves the way for the
implementation of new technologies like green hydrogen, which can be
a substantial fuel source for vessels. Given the logistical advantages of
transmitting electric power over hydrogen, the seaports can produce
hydrogen locally and employ it for fuel bunkering in the vessels.

Realising these opportunities can empower ports to achieve flexibil-
ity through an optimal asset and power management strategy, which
considers both the logistics and electric operation of ports. Further
potentials can be exploited thanks to digitalisation of ports, particularly
via port networking, which can extend the potential for coordination
of multiple ports [5]. The port networking is already a reality in
some regions, where integrated platforms have been designed for port
authorities, such as the integration platform proposed for mainland
China [6]. The existence of such an integration platform underscores
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Nomenclature

Indices

𝑏, 𝑖, 𝑗 Index of the main grid or the port network
buses.

𝑐 Index of cranes.
𝑒 Index of IEVs.
𝑟 Index of reefers.
𝑡 Index of time.
𝑣 Index of vessels.

Sets

𝛺𝑠
𝑏 Set of port network buses connected to the

main grid.
𝛺𝑐 Set of cranes.
𝛺𝑒 Set of IEVs.
𝛺𝑔 Set of buses connected to the thermal

generation units.
𝛺𝑝 Set of buses connected to port networks.
𝛺𝑟 Set of reefers.
𝛺𝑣 Set of vessels at berth.
𝛺𝑝2ℎ Set of port network buses connected

equipped with electrolyser.
𝛺𝑡 Set of time periods.
𝛺𝑤𝑡 Set of WT connected buses.

Parameters

𝑆
𝐿𝑖𝑛𝑒max ∕min
𝑏𝑗 Maximum/minimum limit of power flow of

the main grid transmission lines.
𝑉 max
𝑏 Maximum value of the voltage magnitude.

(𝑃∕𝑄)
𝐺max ∕min
𝑏 Maximum/minimum active/reactive power

output of thermal generation units.
(𝑃∕𝑄)𝑃𝑏𝑎𝑠𝑒𝑏,𝑡 Base active/reactive power consumption of

the ports.
(𝑝∕𝑞)𝐷𝑖,𝑡 Miscellaneous active/reactive load inside

the port.
(𝑝∕𝑞)𝐺𝑖,𝑡 Available active/reactive power generation

inside the port.
(𝑟∕𝑥)𝑖𝑗 Resistance/reactance of branch 𝑖𝑗 of the

port network.
𝛥𝑡 Duration of time periods.
𝜂𝐻(𝑐∕𝑑) Charge/discharge efficiency of hydrogen

tank connected to the electrolyser.
𝜂𝐵𝐸𝑆
𝑐ℎ∕𝑑𝑐ℎ Charge/discharge efficiency of BES.
𝜂𝐼𝐸𝑉
𝑐ℎ∕𝑑𝑐ℎ Charge/discharge efficiency of IEV battery.
𝛾0,𝑖, 𝛾1,𝑖 Cost coefficient of P2H units.
𝜅0,𝑖, 𝜅1,𝑖 Hydrogen price.
𝜆𝑂𝑝∕𝐶𝑟
𝑏 Operational and curtailment price of wind

power.
𝜆𝑝𝑏,𝑡 Hourly price of providing flexibility by the

ports.
𝜆𝑂𝑡 Ports supply curve price vector
𝜌𝐼𝐸𝑉
𝑒 Load factor of IEV 𝑒.

𝜎𝑒∕𝑣𝑡 Electricity/carbon emission price at time 𝑡.
𝜀−∕+𝑏 The coefficients for upper and lower values

of reactive wind power.

the need for a coordination architecture that fosters cooperation be-
tween ports. Such cooperation can yield numerous advantages such
as better use of assets, competition, and environmental benefits [7].
2

𝜗𝐹 𝑙𝑒𝑥
𝑏,max Maximum flexibility provided by each port.

𝜉𝑃2𝐻𝑖 Efficiency of electrolyser.
𝜉𝑃2𝐻𝑖,max ∕min Maximum/minimum efficiency of electrol-

yser.
𝑎2,𝑏, 𝑎1,𝑏, 𝑎0,𝑏 Coefficients of thermal generation units’

cost function.
𝐷𝑡 Flexibility demand
𝐸𝐼𝐸𝑉max
𝑒 Maximum energy capacity of IEV.

𝑖𝑖𝑗,max Maximum current flow of the port network.
𝑁𝐼𝐸𝑉

𝑐 Number of IEVs allocated to crane 𝑐.
𝑁𝑠𝑡𝑎𝑓𝑓

𝑣 Number of staff assigned to each vessel.
𝑂𝑝
𝑡 Vector of port offers

𝑝
𝐼𝐸𝑉 max

𝑐ℎ∕𝑑𝑐ℎ
𝑒 maximum charging/discharging power of

IEV.
𝑃𝐷
𝑏,𝑡 The main grid demand.

𝑃𝑊 𝑇𝑎
𝑏,𝑡 Available wind power.

𝑝max
𝑐 Maximum power consumption of the crane.
𝑝𝐵𝐸𝑆−ℎ∕𝑑𝑐ℎ
𝑖,𝑚𝑎𝑥 Maximum charge/discharge power of BES.
𝑝Reef𝑟,𝑚𝑎𝑥 Maximum power consumption of reefer 𝑟.
𝑝𝑉 𝑒𝑠
𝑣,𝑡𝑜𝑡 Total load of vessel 𝑣.
𝑝𝑉 𝑒𝑠
𝑣,𝑡 Vessel load at time 𝑡.
𝑅(𝑈∕𝐷)𝐺
𝑏 Ramp up/down of thermal generation units.

𝑆𝑂𝐶𝐵𝐸𝑆
𝑖,𝑚𝑎𝑥 Maximum state of charge of BES.

𝑇𝑅𝑒𝑒𝑓
𝑟,max ∕min Maximum/minimum internal temperature

of reefer.
𝑇 amb
𝑟,𝑡 Ambient temperature.

𝑤𝑓 Workforce cost at the port.
𝜆𝐸𝑚
𝐺 Emission price.

𝜆Re𝑠𝐺 Price of spinning reserve provided by the
thermal generation units.

𝜙Re𝑠 Percentage of spinning reserve requirement
based on the total system load.

𝜀𝐺𝐸𝑚
𝑏 Coefficient of thermal generators emission

production per 𝑀𝑊 .

Variables

𝑆𝐿𝑖𝑛𝑒
𝑏𝑗,𝑡 Power flow between the main grid buses 𝑏

and 𝑗.
(𝑝∕𝑞)𝑀𝐺

𝑖,𝑡 Active/reactive power imported from the
main grid to the port.

(𝑝∕𝑞)𝑃 2𝐻𝑖,𝑡 Active/reactive power consumed by elec-
trolyser for producing hydrogen.

(𝑝∕𝑞)𝑅𝑒𝑒𝑓𝑖,𝑡 Reefer active/reactive power consumption.
(𝑝∕𝑞)𝑖𝑗,𝑡 Active/reactive power flow of the branch 𝑖𝑗

of the port network.
(𝑉 ∕𝜃)𝑏,𝑡 Voltage magnitude of bus 𝑏 in the main grid.
(𝑣∕𝑢)𝑖,𝑡 Voltage magnitude/squared voltage at node

𝑖 of the port network.
(𝑌 ∕𝜙)𝑏𝑗 Magnitude/angle of 𝑏𝑗 element of the main

grid admittance matrix.
𝜒
𝐵𝐸𝑆𝑐ℎ∕𝑑𝑐ℎ
𝑖,𝑡 Binary variable indicating charge/discharge

power of BES.
𝜒𝐶𝑟
𝑐,𝑣,𝑡 Binary variable indicating the allocation of

cranes to vessels.
𝜋𝑡 Flexibility clearing price

Thanks to these advancements, the coordination can enable higher
levels of flexibility for the electrified ports as an integral part of the
broader energy network.
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𝜗𝐹 𝑙𝑒𝑥
𝑏,𝑡 Variable representing the percentage of port

flexibility.
𝐸𝐼𝐸𝑉
𝑒,𝑡 Energy stored at IEV battery.

𝐺𝑝
𝑡 Vector of accepted offers from all ports

𝐻𝑖,𝑡 Hydrogen extracted by electrolyser.
𝑖𝑖𝑗,𝑡 Current magnitude of the branch 𝑖𝑗 of the

port network.
𝑃𝐺
𝑏,𝑡 Power output of thermal generation units.

𝑃 𝑃𝑅𝑒𝑠
𝑏,𝑡 The power provided by the port for spinning

reserve.
𝑃𝑊 𝑇 𝑖∕𝑐
𝑏,𝑡 Injected/curtailed wind power.

𝑝𝐶𝑟
𝑐,𝑣,𝑡 Power consumption of crane 𝑐 for unloading

vessel 𝑉 at time period 𝑡.
𝑝
𝐼𝐸𝑉𝑐ℎ∕𝑑𝑐ℎ
𝑒,𝑡 Charge/discharge power of IEV.
𝑝
𝐵𝐸𝑆𝑐ℎ∕𝑑𝑐ℎ
𝑖,𝑡 Charge/discharge power of BES.
𝑝𝐶𝐻𝐸
𝑖,𝑡 CHE power consumption.

𝑝
𝐵𝐸𝑆𝑐ℎ∕𝑑𝑐ℎ
𝑖,𝑡 Charge/discharge power of the BES in-

stalled in the port.
𝑝Reef𝑟,𝑡 The power consumption of reefer 𝑟.
𝑆𝑂𝐶𝐵𝐸𝑆

𝑖,𝑡 State of charge of BES.
𝑇𝑅𝑒𝑒𝑓
𝑟,𝑡 Internal temperature of reefer.

𝑦𝑡 Auxiliary variable for the demand unful-
filled by ports

𝑃𝐺Re𝑠
𝑏,𝑡 Spinning reserve provided by thermal gen-

eration units.
𝑃 𝑃Re𝑠
𝑏,𝑡 Spinning reserve provided by port flexibil-

ity.

Consideration of various logistics and electrical constraints, the
hallenge of optimising the port operation has been addressed through
he development of different optimisation problems in the literature.
his challenge has been addressed through the development of various
ort asset management strategies. Research conducted in [8–10] shows
he importance of effective power and asset management strategies
n the context of smart ports. A mixed integer linear programming
MILP) model is introduced in [11] for optimal energy management
f port assets including energy storage. The introduction of hybrid
attery energy storage (BES) in [8] for shipboard microgrids has offered
ultiple advantages in terms of speed management, generation cost,

nd power management compared to battery-only systems. Notably,
uthors in [9] suggested an energy management strategy for optimal
ontrolling of power generation and ship speed in a voyage without
he need for additional investment in BES. Also, in [10], vessel arrival
nd speed management strategies are introduced to minimising the
perational costs while accounting for the variation in arrival time.

It is shown in [12] that an optimised port operation can reduce
eliance on the main grid power supply by 27.47% while decreasing the
mission caused by vessels by 51.44%. A multi-objective cooperative
ramework is introduced in [13] for optimal operation management
f shipping and port companies, which resulted in 3.8% emission
nd 35.9% cost reduction. Hein et al. [14] introduced an operation
cheduling problem for optimal energy management of port assets con-
idering multiple economic and environmental constraints. An energy
ub management strategy is introduced in [15] for port assets using
he economic dispatch method, with results demonstrating the cost and
mission reduction. The authors in [16] investigated the importance of
dding smart characteristics to the ports through the evaluation of a
mart port index, considering the seaport as a microgrid.

Optimising port operations should yield benefits not only for the
3

orts themselves but also for the broader energy grid, to which ports
are primarily connected via the electric network. A recent research
work published by Chen et al. [17] studies the issues around voltage
fluctuation in port energy networks, where a multi-objective volt/VAR
methodology is proposed to reduce voltage violation while pursuing
economic goals. Authors in [18] proposed a real-time distributed de-
mand response for hierarchical control of electrified ports. The authors
focused on controlling the refrigerated containers and ship power
supply as the flexibility options, using fuzzy decision making which is
proved to be computationally demanding and requiring multiple alpha-
cuts [19]. An integration framework is introduced in [20] for studying
the flexibility options that could be provided with the multi-energy
ports equipped with RESs and storage units. An optimal power man-
agement strategy is introduced in [21] for maximising the flexibility
of port operation with consideration for reefers, electric vehicles, and
cold ironing as the flexibility sources. Authors used particle swarm
optimisation for solving local optimisations, which is proved to be com-
putationally complex in terms of falling into local optimum solutions
and a having low convergence rate [22]. A flexible voyage scheduling
problem is proposed in [23] for improving the resilience of microgrids.
Ref. [24] proposed a distributed voltage control method for decreasing
the voltage violation effects caused by the all-electric ships considering
the power interaction between the seaport microgrid and ships. A
distribution system is adopted in [23,24] as the test seaport which
may not be a representative of their logistics-electric operation. The
potential of shipping containers to provide reactive power requirements
of the on-shore power system is investigated in [25]. Authors in [26]
investigated the role of battery BES in increasing the flexibility of the
seaports.

Although optimising the operation of seaports and their flexibility
have been studied in the literature,several important aspects need
further investigation. Based on the literature review, the primary gaps
identified in the existing research are:

• While logistics optimisation models have been created, there is
a lack of development in understanding the interconnected oper-
ation of various assets (e.g., cranes and reefers) and integration
of such logistics optimisation into the electricity system model.
Hence, there is a need for a holistic logistics-electric model for
port operations to explore the interdependence between the port
and its corresponding electricity network.

• Although previous research works have explored port flexibility,
the predominant focus has been on optimising power manage-
ment at the individual port level. A comprehensive port flexi-
bility framework should extend its scope to encompass the op-
timal management of assets within a logistics-electric model,
while incorporating a coordination framework that facilitates the
collaboration of multiple ports.

• Existing literature primarily examines the power exchange be-
tween a port and the broader electricity network, overlooking
the significance of the main grid’s physical and operational con-
straints. A paradigm shift is necessary to comprehensively explore
port flexibility within a broader energy network. This shift in-
volves incorporating the physical constraints of the electricity
network and considering ports as integral components within a
comprehensive system approach.

• The proximity of ports to offshore wind farms opens opportunities
for leveraging green hydrogen, creating a mutually beneficial
scenario by enhancing the penetration of wind power generation
in the energy network. Although this is well-debated as a fu-
ture direction of research, such a geographical potential requires
further investigation.

Moreover, it is imperative to investigate the port flexibility within
the broader context, acknowledging the port network integration into
the whole energy system. A paradigm shift is required to encompass the
physical constraints of the electricity network while considering ports
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as an element of such a comprehensive system approach. Finally, ports’
proximity to offshore wind farms can present opportunities for har-
nessing green hydrogen, while offering mutually beneficial outcomes
by simultaneously increasing the penetration level of wind power
generation in the energy network.

In this study, a multi-port coordination framework is proposed for
exploiting flexibility in a whole energy system approach. This frame-
work takes into account the intricate logistics and electric constraints
within each port while accounting for the main operational and phys-
ical limits of the wider energy grid. The proposed method introduces
the green port-to-grid (GP2G) concept, which enables seaports to op-
timally manage their asset operation as well as their cooperation with
the regional ports so as to provide flexibility for the main grid. The
mathematical model integrates the electric constraints of port operation
with logistic asset port operation considering different assets inside
the port such as reefers, cranes, vessels, BES, etc. In the proposed
coordination framework, the required flexibility and possible wind
power curtailment are obtained through an optimisation model which
is solved by the main grid operator (MGO), and the obtained results are
communicated to the port coordinator. Simultaneously, port operators
send their supply curves to the port coordinator, where an optimisation
problem is solved to define the value and price of flexibility for each
port. This novel coordination scheme introduces green hydrogen pro-
duction as a potential option for ports, capitalising on their strategic
location near offshore wind farms to maximise the utilisation of RESs.
With a logistics-electric model, this multi-port coordination paradigm
provides a tangible demonstration of how port coordination can gen-
erate higher levels of flexibility, reduce environmental emissions, and
realise economic benefits. Moreover, this paradigm can serve as a
blueprint for ongoing and future projects. It fosters coordination of
ports and their potential flexibility within a holistic energy system
approach, allowing collaboration of different stakeholders in achieving
a range of objectives. Generally, the main contributions of this paper
are:

• A GP2G concept is introduced which incorporates the comprehen-
sive logistics-electric model of ports, facilitating seamless integra-
tion of port flexibility into the energy grid. Such a model provides
a realistic demonstration of how ports operate within the broader
energy network, and it can be practically beneficial in studying
future smart ports. Exploiting the flexibility of ports requires a
well-defined integration architecture that considers the dynamic
interaction of a wider energy grid.

• A multi-port coordination framework is introduced aiming at
investigating the cooperation of ports in achieving environmental
and economic objectives while integrating their flexibility into the
main grid. This paradigm facilitates the cooperation of geographi-
cally dispersed ports, which can enable competition, and improve
the operational efficiency of port operation through promoting
their connectivity.

• A power to hydrogen (P2H) optimisation model is proposed based
on availability of vessels at berth to increase wind power pen-
etration. Expanding the port infrastructure along the coastlines
enables the ports to prevent the curtailment of renewable power
generation while delivering environmental and economic benefits
for port authorities. The proposed coordination method outlines
the production and storage of hydrogen for decreasing wind
power curtailment. It enables investigation of how vessel arrival
times, as a logistics parameter, affect hydrogen production within
electrified port networks.

The remainder of this paper is organised as follows: Section 2
explains the framework of the proposed multi-port market-based co-
ordination. Mathematical formulation is introduced in Section 3. Sec-
tion 4 explains the process of solving the coordination optimisation
framework. Section 5 provides the simulation setup and case studies.
The simulation results are discussed in Section 6. Finally, Section 7
concludes the paper.
4

Fig. 1. Conceptual illustration of the proposed multi-port coordination scheme.

2. Multi-port coordination for decarbonisation

Digitisation of seaports represents a significant step towards their
decarbonisation. By electrifying the port assets and introducing differ-
ent distributed energy resources (DERs), the potential for enabling flex-
ibility within the operation framework of seaports can be realised. This
flexibility can be seamlessly integrated into the broader energy grid,
where system planners can delay generation and transmission planning
through optimal utilisation of flexibility resources [27]. Efficient util-
isation of port flexibility, however, necessitates the development of a
comprehensive framework that takes into account the objectives and
constraints of both the main grid and the port.

Realising port flexibility entails the implementation of intelligent
networks and operation control strategies. As ports become an inte-
gral component of future interconnected smart grids, port operation
is intricately reciprocal to grid operation and vice versa. Electrifica-
tion of ports’ energy demand changes the dynamics between ports,
shifting from a purely logistics-based mode to a logistics-electric con-
nection. These advances, however, add complexity to the management
of port operations, transforming it into a multi-vector problem. This
transformation requires intelligent asset management and coordina-
tion between ports themselves, and their interaction with the energy
network.

This study proposes a multi-port coordination framework designed
to enable cooperation between geographically dispersed ports, aiming
at emission and cost reduction for ports while providing flexibility for
the broader energy network through the concept of GP2G. Fig. 1 de-
picts the conceptual definition of the proposed multi-port coordination
scheme. The key element in this architecture is the coordinator, which
oversees and optimises cooperation between the ports. Initially, the
MGO runs its optimisation problem to minimise its overall cost en-
compassing the operational, emission, and wind power curtailment ex-
penses. At the same time, the port operators run their own optimisation
models to maximise their flexibility.

Following this, the MGO communicates the cumulative flexibility re-
quired from the ports, the surplus wind power generation (which could
be potentially used for generating green hydrogen), and the maximum
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acceptable price for the flexibility to the port coordinator. The port
coordinator also receives individual supply curves from each port. The
supply curves are generated based on available resources and asset
management within the individual ports. Leveraging this information,
the multi-port flexibility coordinator (MPFC) employs a cooperative
algorithm to define the price and quantity of flexibility that should
be contributed by each port. The primary objective of this platform is
achieving lower levels of emission in achieving environmental policies.

The excess wind power generation reported by the MGO is also
communicated to the ports for hydrogen production and storage. This
multifaceted paradigm enables the numerous environmental, opera-
tional, and economic potentials within the broader energy grid [28].
This unique characteristic empowers ports to be active participants
in the energy network through the provision of flexibility. The MPFC
defines the required flexibility from each port, with consideration for
the logistics setting of each port such as the arrival time of vessels, and
available shiftable reefer demand. Additionally, it defines the price of
flexibility based on the price cap established by the MGO while defining
the available capacity for using wind power generation through P2H.
Such a coordination method has multiple practical advantages:

• Decreasing the MGO expenses on the wind curtailment and min-
imising wind turbine shutdowns. [29].

• Enabling the cooperation of regional ports to collectively pursue
various goals.

• Decreasing the need for generation and transmission investment
in the main grid.

• Highlighting the pivotal role of ports in producing hydrogen,
which can serve as a fuel for advancing green maritime initiatives.

• Enabling seaports to actively engage the flexibility market.
• Realising the environmental requirements for the future electri-

fied smart ports.

. Problem formulation

The proposed port flexibility coordination problem is a multi-stage
ptimisation. It begins with the MGO optimisation, where they solve
heir optimisation and communicate the flexibility requirements to the
PFC. Simultaneously, the port operators run an internal optimisation

nd send the supply curves to the MPFC. The MPFC carries out a third
ptimisation based on the data received from ports and MGO to define
he flexibility price for each hour of operation. This section provides a
athematical description of the optimisation models solved by each

perator. Detailed symbols and their meanings are provided in the
omenclature section for reference. It should be noted that the param-
ters and variables representing the power consumption/generation of
he main grid are represented with capital letters while those of ports
re represented with lowercase letters.

.1. The main grid optimisation

In the proposed coordination problem, the MGO aims at minimising
he operational, emission, and wind curtailment costs, as well as the
pinning reserve costs, while satisfying system physical constraints.
he main grid load is supplied by the thermal generators and wind
urbines, and MGO can utilise the flexibility provided by the ports in
onjunction with the thermal generators to satisfy the required spinning
eserve without resorting to load curtailment in the event of potential
5

contingencies. The objective function of the MGO is defined below:

min
𝐷𝑉

𝑂𝐹𝑀𝐺𝑂 = min
{(

𝐶𝑂𝑝
𝑇ℎ𝐺 + 𝐶𝑂𝑝

𝑊 𝑇 + 𝐶𝐶𝑢𝑟
𝑊 𝑇 + 𝐶Re𝑠

𝐺𝑃

)

+ 𝐶𝐸𝑚
𝑇ℎ𝐺

}

= 𝛥𝑡

(

∑

𝑡∈𝛺𝑡

∑

𝑏∈𝛺𝐺

𝑎2,𝑏(𝑃𝐺
𝑏,𝑡)

2 + 𝑎1,𝑏𝑃
𝐺
𝑏,𝑡 + 𝑎0,𝑏

)

+𝛥𝑡

(

∑

𝑡∈𝛺𝑡

∑

𝑏∈𝛺𝑊 𝑇

𝜆𝑂𝑝
𝑏 𝑃𝑊 𝑇𝑖

𝑏,𝑡

)

+𝛥𝑡

(

∑

𝑡∈𝛺𝑡

∑

𝑏∈𝛺𝑊 𝑇

𝜆𝐶𝑟
𝑏 𝑃𝑊 𝑇𝑐

𝑏,𝑡

)

+𝛥𝑡

(

∑

𝑡∈𝛺𝑡

(

∑

𝑏∈𝛺𝐺

𝜆Re𝑠𝐺 𝑃𝐺
𝑏,𝑡 +

∑

𝑏∈𝛺𝑃

𝜆𝑃Re𝑠𝑡 𝑃 𝑃Re𝑠
𝑏,𝑡

))

+𝛥𝑡

(

∑

𝑡∈𝛺𝑡

∑

𝑏∈𝛺𝐺

𝜆𝐸𝑚
𝐺 𝜀𝐺𝐸𝑚

𝑏 𝑃𝐺
𝑏,𝑡

)

(1)

here the first term in (1) corresponds to the operational cost associ-
ted with the thermal generation units. The second and third terms are
ndicatives of the operational cost and curtailment cost of WT respec-
ively. The fourth term reflects the costs related to ensuring spinning
eserve availability. The last term is the emission cost stemming from
he operation of thermal generation units. At the main grid level, this
bjective function is optimised subject to the power flow and adhering
o physical network constraints.

.1.1. The main grid constraints
Investigating the potential flexibility of the ports requires a de-

ailed demonstration model of the main grid, which, notably, has been
issing in the existing literature [18]. The port flexibility can present
otable potentials for its utilisation within the upper grid to which they
re linked. In this paper, port flexibility is considered a sustainable
lternative to supplant thermal generators in providing the spinning
eserve. Considering the participation of ports in providing a specific
evel of spinning reserve, the subsequent constraints are considered for
he main grid (∀𝑏 ∈ 𝛺𝑏).
𝐺
𝑏,𝑡 + 𝑃𝑊 𝑇

𝑏,𝑡 − 𝑃𝐷
𝑏,𝑡 − 𝑃 𝑃𝑏𝑎𝑠𝑒

𝑏,𝑡

𝑉𝑏,𝑡
∑

𝑗∈𝛺𝑏

𝑉𝑗,𝑡𝑌𝑏𝑗 cos(𝜃𝑏,𝑡 − 𝜃𝑗,𝑡 − 𝜙𝑏𝑗 )
(2)

𝐺
𝑏,𝑡 +𝑄𝑊 𝑇

𝑏,𝑡 −𝑄𝐷
𝑏,𝑡 −𝑄𝑃𝑏𝑎𝑠𝑒

𝑏,𝑡

𝑉𝑏,𝑡
∑

𝑗∈𝛺𝑏

𝑉𝑗,𝑡𝑌𝑏𝑗 sin(𝜃𝑏,𝑡 − 𝜃𝑗,𝑡 − 𝜙𝑏𝑗 )
(3)

𝐺min
𝑏 ≤ 𝑃𝐺

𝑏,𝑡 ≤ 𝑃𝐺max
𝑏 (4)

𝐺min
𝑏 ≤ 𝑄𝐺

𝑏,𝑡 ≤ 𝑄𝐺max
𝑏 (5)

min
𝑏 ≤ 𝑉𝑏,𝑡 ≤ 𝑉 max

𝑏 (6)

𝐿𝑖𝑛𝑒min
𝑏𝑗 ≤ 𝑆𝐿𝑖𝑛𝑒

𝑏𝑗,𝑡 ≤ 𝑆𝐿𝑖𝑛𝑒max
𝑏𝑗 (7)

− 𝑅𝐷𝐺
𝑏 × 𝛥𝑡 ≤ (𝑃𝐺

𝑏,𝑡 − 𝑃𝐺
𝑏,𝑡−1) ≤ +𝑅𝑈𝐺

𝑏 × 𝛥𝑡 (8)

here constraints (2) and (3) are active and reactive power balance
quations respectively, encompassing the contribution of WTs in load
upply and the power consumption of ports. Constraints (4) and (5)
epresent the limits on the thermal generation units’ output. Constraint
6) shows the upper and lower limits of the bus voltage magnitude. The
pparent power flowing through the branches is limited by (7). Finally,
he ramp-rate limits of thermal generation units is given in (8). To
chieve computational efficiency, the main grid non-linear equations
re linearised in accordance with [30].
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3.1.2. Spinning reserve constraints
The availability of a spinning reserve is one of the critical challenges

power system operators deal with. Maintaining a designated spinning
reserve level during the system operation to prevent major outages in
the system after an excursion or contingencies. This study delves into
utilisation of the flexibility provided by the ports as a clean source
of spinning reserve, thereby diminishing the need for using thermal
generation in providing this service. Therefore, the spinning reserve
constraints are represented as below:

0 ≤ 𝜙Re𝑠 ×
∑

𝑏∈𝛺𝑏

𝑃𝐷
𝑏,𝑡 ≤

(

∑

𝑏∈𝛺𝐺

𝑃𝐺Re𝑠
𝑏,𝑡 +

∑

𝑏∈𝛺𝑃

𝑃 𝑃Re𝑠
𝑏,𝑡

)

(9)

≤ 𝑃𝐺Re𝑠
𝑏,𝑡 ≤

(

𝑃𝐺max
𝑏 − 𝑃𝐺

𝑏,𝑡

)

(10)

≤ 𝑃 𝑃Re𝑠
𝑏,𝑡 ≤ 𝜗𝐹 𝑙𝑒𝑥

𝑏,𝑡 × 𝑃 𝑃𝑏𝑎𝑠𝑒
𝑏,𝑡 (11)

≤ 𝜗𝐹 𝑙𝑒𝑥
𝑏,𝑡 ≤ 𝜗𝐹 𝑙𝑒𝑥

𝑏,max (12)

Constraint (9) shows the spinning reserve requirement delivered
ointly by the ports and the thermal generation units based on the
ercentage of total system load (i.e. 𝜙Re𝑠). Constraint (10) limits the
apacity of reserve offered by the thermal generation units, maintaining
t within bounds of maximum power and scheduled amount. Constraint
11) denotes the spinning reserve provided by the port flexibility,
etermined by variable 𝜗𝐹 𝑙𝑒𝑥

𝑏,𝑡 , which is limited by constraint (12).
onstraints (11) and (12) define the amount of spinning reserve that
ould be provided by the ports.

.1.3. Wind turbine constraints
Wind power generation plays a vital role in achieving a sustainable

conomy. The variability of this energy source, however, is deemed an
mportant challenge for system operators, where they have to curtail
ind power to preserve system stability. This study tries to minimise
ind power curtailment (as represented in Eq. (1)) through utilisation
f port flexibility and the possibility of extra wind power to supply the
lectrolyser for producing hydrogen. From the main grid point of view,
t is necessary to consider the injected wind power to the grid along
ith the curtailed power of these units, as represented in the following.
𝑊 𝑇𝑖
𝑏,𝑡 + 𝑃𝑊 𝑇𝑐

𝑏,𝑡 = 𝑃𝑊 𝑇𝑎
𝑏,𝑡 (13)

≤ 𝑃𝑊 𝑇𝑖
𝑏,𝑡 ≤ 𝑃𝑊 𝑇𝑎

𝑏,𝑡 (14)

≤ 𝑃𝑊 𝑇𝑐
𝑏,𝑡 ≤ 𝑃𝑊 𝑇𝑎

𝑏,𝑡 (15)

−
𝑏 × 𝑃𝑊 𝑇𝑖

𝑏,𝑡 ≤ 𝑄𝑊 𝑇
𝑏,𝑡 ≤ 𝜀+𝑏 × 𝑃𝑊 𝑇𝑖

𝑏,𝑡 (16)

here Eq. (13) denotes that the sum of injected and curtailed wind
ower to the grid is equal to the available wind power generation.
he injected and available wind power is limited by constraints (14)
nd (15). Constraint (16) shows the reactive power limit of the wind
urbine.

.2. The port network optimisation

Coordination of port assets in a logistics-electric model to achieve
nvironmental and economic benefits while providing flexibility for the
ide energy grid requires the port operators to solve an optimisation
roblem. In this study, the port agents solve their own optimisation
odels and define a supply curve that shows the value of their flexibil-

ty. The objective function of the port optimisation networks comprises
f cost of importing power from the main grid, emission cost, work-
6

orce cost, and the operational cost of producing hydrogen, minus the
evenue from supplying hydrogen. The port network objective function
s defined as below:

in
𝐷𝑉

𝑂𝐹 𝑝𝑜𝑟𝑡 =
∑

𝑡∈𝛺𝑡

𝛥𝑡 ×
(

C𝑝𝑜𝑟𝑡
𝑡 − 𝑅𝑝𝑜𝑟𝑡

𝑡

)

(17)

C𝑝𝑜𝑟𝑡
𝑡 =

∑

𝑣∈𝛺𝑣

∑

𝑐∈𝛺𝑐

(

𝑤𝑓 ×𝑁𝑠𝑡𝑎𝑓𝑓
𝑣 × 𝜒𝐶𝑟

𝑐,𝑣,𝑡

)

+
∑

𝑖𝑗∈𝛺𝑠
𝑏

(

(𝜎𝑒𝑡 + 𝜎𝑣𝑡 ) × 𝑝𝑖𝑗,𝑡
)

+
∑

𝑖∈𝛺𝑝2ℎ

(

𝛾𝑝2ℎ0,𝑖 + 𝛾𝑝2ℎ1,𝑖 𝑝𝑃2𝐻𝑖,𝑡

) (18)

𝑅𝑝𝑜𝑟𝑡
𝑡 =

∑

𝑖∈𝛺𝑝2ℎ

(

𝜅𝑝2ℎ
0,𝑖 + 𝜅𝑝2ℎ

1,𝑖 𝐻𝑖,𝑡

)

(19)

where in (18) the first term represents the workforce cost which is
defined based on staff required per operating crane, the second term
is the environmental and operational cost of importing power from the
main grid, and the third term shows the operational cost of producing
hydrogen. Eq. (19) represents the revenue from selling the hydrogen.

3.2.1. Port network constraints
Despite available literature [21], this study considers an electrical

network for modelling the operation of the seaports. The realistic PoT is
considered as the test system. Based on the future scenarios considered
for decolonisation [31], this port is equipped with battery energy
storage (BES), cargo handling equipment (CHE) comprising of both
mains-connected cranes and hoppers, and battery-powered industrial
electric vehicles (IEVs) (e.g. container tractors and reach stackers),
reefers, and electrolysers. Considering these technologies, the DistFlow
branch equations given in [32] are utilised to model the power flow
equations of the port network, as below ∀𝑖𝑗 ∈ 𝛺b:

𝑝G𝑖,𝑡 − 𝑝D𝑖,𝑡 − 𝑝BES𝑐ℎi,𝑡 + 𝑝BES𝑑𝑐ℎi,𝑡 − 𝑝CHE𝑖,𝑡 − 𝑝Reef𝑖,𝑡 − 𝑝𝑃2𝐻𝑖,𝑡
=

∑

𝑘∶𝑗→𝑘
𝑝𝑗𝑘,𝑡 + 𝑟𝑖𝑗 𝑙𝑖𝑗,𝑡 − 𝑝𝑖𝑗,𝑡 (20)

𝑞𝐺𝑖,𝑡 − 𝑞𝐷𝑖,𝑡 + 𝑞Reef𝑖,𝑡 − 𝑞𝑃2𝐻𝑖,𝑡
=

∑

𝑘∶𝑗→𝑘
𝑞𝑗𝑘,𝑡 − 𝑞𝑖𝑗,𝑡 + 𝑥𝑖𝑗 𝑙𝑖𝑗,𝑡 −

∑

𝑘∶𝑗→𝑘
𝑞𝑗𝑘,𝑡 (21)

𝑢𝑗,𝑡 = 𝑢𝑖,𝑡 − 2
(

𝑟𝑖𝑗𝑝𝑖𝑗,𝑡 + 𝑥𝑖𝑗𝑞𝑖𝑗,𝑡
)

+
(

𝑟2𝑖𝑗 + 𝑥2𝑖𝑗
)

𝑙𝑖𝑗,𝑡, (22)

𝑢𝑖,𝑡 = 𝑣2𝑖,𝑡,∀𝑖 ∈ 𝛺b (23)

𝑙𝑖𝑗,𝑡 =
(

𝑝2𝑖𝑗,𝑡 + 𝑞2𝑖𝑗,𝑡
)

/

𝑢𝑖,𝑡 = 𝑖2𝑖𝑗,𝑡, (24)

‖

‖

‖

2𝑝𝑖𝑗,𝑡 2𝑝𝑖𝑗,𝑡 𝑙𝑖𝑗,𝑡 − 𝑢𝑖,𝑡
‖

‖

‖2
≤ 𝑙𝑖𝑗,𝑡 + 𝑢𝑖,𝑡 (25)

𝑣2min ≤ 𝑢𝑖,𝑡 ≤ 𝑣2max,∀𝑖 ∈ 𝛺b (26)

𝑖𝑖𝑗,𝑡 ≤ 𝑖2𝑖𝑗,max,∀𝑖𝑗 ∈ 𝛺b (27)

where constraints (20) and (21) are the active and reactive power
balance equations of the port network respectively, considering the
contribution and consumption of different technologies including BES,
CHE, reefers, and electrolysers. These constraints along with (22)–(24)
represent the relaxed branch flow equations. Eq. (25) is the relaxed
model of (24). Finally, constraints (26) and (27) show the voltage and
current limits. The logistics-based model of different assets in (20) and
(21) are represented in the following sections.

3.2.2. Cargo handling equipment
CHEs play a vital role in port operations due to the need to move

the goods from the vessels and inside the ports. Mains-connected
cranes/hoppers and battery-powered IEVs are the critical elements
of CHEs. In this study, a logistics-based model is proposed for the
operation of CHEs, which links the operation of cranes to the IEVs.

The operation of cranes and IEVs is linked together, such that the

IEVs operate if there is cargo moved from the vessels by the cranes. For
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example, the operation of container tractors, reach stackers, and empty
handlers follows the operation of a crane. The total consumption of a
CHE located at bus 𝑖 of the port network is obtained by (28), comprising
of the crane power consumption, charge, and discharge power of IEVs.

𝑝𝐶𝐻𝐸
𝑖,𝑡 =

∑

𝑣∈𝛺𝑣

∑

𝑐∈𝛺𝑐

𝑝𝐶𝑟
𝑐,𝑣,𝑡 −

∑

𝑒∈𝛺𝑒

(𝑝𝐼𝐸𝑉𝑑𝑐ℎ
𝑒,𝑡 + 𝑝𝐼𝐸𝑉𝑐ℎ

𝑒,𝑡 ) (28)

Following this equation, the logistics model of cranes is described
below:
∑

𝑐∈𝛺𝑐

𝑝𝐶𝑟
𝑐,𝑣,𝑡 = 𝑝𝑉 𝑒𝑠

𝑣,𝑡 − 𝑝𝑉 𝑒𝑠
𝑣,𝑡−1 (29)

∑

𝑡∈𝛺𝑡

𝑝𝑉 𝑒𝑠
𝑣,𝑡 −𝑝𝑉 𝑒𝑠

𝑣,𝑡𝑜𝑡 = 0 (30)

0 ≤ 𝑝𝐶𝑟
𝑐,𝑣,𝑡 ≤ 𝜒𝐶𝑟

𝑐,𝑣,𝑡 × 𝑝max
𝑐 (31)

𝜒𝐶𝑟
𝑐,𝑣,𝑡 = 0 ,∀𝑡 ∉ [𝑡𝑣𝑎𝑟, 𝑡

𝑣
𝑑𝑒𝑝] (32)

where Eq. (29) represents the power consumption of crane 𝑐 for un-
loading the vessel 𝑣. Constraints (30) demonstrate that the vessel load
should be completely unloaded at the end of the operation period. Con-
straints (31) demonstrates the crane allocation, where binary variable
𝜒𝐶𝑟
𝑐,𝑣,𝑡 indicates the crane allocation to each vessel (i.e. 𝜒𝐶𝑟

𝑐,𝑣,𝑡 = 1: allo-
cated, 0:otherwise). Constraint (32) indicates that the crane allocation
is only possible between the arrival and departure time of vessels.

As aforementioned, the operation of IEVs is subjected to the crane
allocation. Therefore, if a crane is allocated to a vessel and unloading
its goods, the IEVs start their operation. The mathematical description
of the IEVs corresponding to the crane operation is described below:

𝑝𝐼𝐸𝑉𝑑𝑐ℎ
𝑒,𝑡 =

∑

𝑣∈𝛺𝑣

∑

𝑐∈𝛺𝑐

(

𝜒𝐶𝑟
𝑐,𝑣,𝑡 ×𝑁 IEV

c

)

𝜌𝐼𝐸𝑉
𝑒 𝑝

𝐼𝐸𝑉 max
𝑑𝑐ℎ

𝑒 (33)

0 ≤ 𝑝𝐼𝐸𝑉𝑐ℎ
𝑒,𝑡 ≤

(

∑

𝑐
𝑁𝐼𝐸𝑉

𝑐 −
∑

𝑣∈𝛺𝑣

∑

𝑐∈𝛺𝑐

(

𝜒𝐶𝑟
𝑐,𝑣,𝑡 ×𝑁 IEV

c

)

)

𝑝
𝐼𝐸𝑉 max

𝑐ℎ
𝑒 (34)

𝐸𝐼𝐸𝑉
𝑒,𝑡+1 = 𝐸𝐼𝐸𝑉

𝑒,𝑡 + 𝑝𝐼𝐸𝑉𝑐ℎ
𝑒,𝑡 .𝜂𝐼𝐸𝑉

𝑐ℎ − 𝑝𝐼𝐸𝑉𝑑𝑐ℎ
𝑒,𝑡

/

𝜂𝐼𝐸𝑉
𝑑𝑐ℎ (35)

0 ≤ EIEV
𝑒,𝑡 ≤ EIEVmax

𝑒 (36)

where Eq. (33) represents the discharged power of IEV, which follows
the crane allocation (i.e. 𝜒𝐶𝑟

𝑐,𝑣,𝑡 = 1), and it is measured by the number
of IEVs allocated to each crane (i.e. 𝑁𝐼𝐸𝑉

𝑐 ), the load factor of IEV, and
maximum power consumption. The charging power of IEVs also follows
the crane allocation, as indicated by (34), where the charging of an IEV
happens if 𝜒𝐶𝑟

𝑐,𝑣,𝑡 = 0. Constraint (35) represents the energy level of IEV,
which is limited by constraint (36).

3.2.3. Refeers
Refrigerated containers, which are known as reefers, are one of the

main elements of port flexibility, available in large numbers in ports.
Reefers can provide flexibility in forms of demand shifting and power
consumption and could be considered as one of the main elements of
future smart ports. The reefer operation is modelled by Eq. (37), which
is measured based on the internal temperature of the reefer, and its
ambient temperature. The cumulative power consumption of reefers at
bus 𝑖 is obtained by (38). Constraint (39) represents the temperature
limits of reefer 𝑟. Finally, constraint (40) limits the power consumption
of the reefer.

𝑇𝑅𝑒𝑒𝑓
𝑟,𝑡+1 = 𝑇𝑅𝑒𝑒𝑓

𝑟,𝑡 − 𝛽𝑟𝑝
Reef
𝑟,𝑡 + 𝛼𝑟

(

𝑇 amb
𝑟,𝑡 − 𝑇𝑅𝑒𝑒𝑓

𝑟,𝑡

)

(37)

𝑝Re𝑒𝑓𝑖,𝑡 =
∑

𝑟∈𝛺𝑟

𝑝Reef𝑟,𝑡 (38)

𝑇𝑅𝑒𝑒𝑓
𝑟,min ≤ 𝑇𝑅𝑒𝑒𝑓

𝑟,𝑡 ≤ 𝑇𝑅𝑒𝑒𝑓
𝑟,max (39)

Reef Reef
7

0 ≤ 𝑝𝑟,𝑡 ≤ 𝑝𝑟,max (40)
3.2.4. Battery energy storage
Battery energy storage can provide a great share of flexibility to the

ports. Their charge and discharge power can be controlled based on
available power and price signals. This paper considers the following
model for the operation of the BES [33].

SOCBES
𝑖,𝑡+1= SOCBES

𝑖,𝑡 + 𝑝𝐵𝐸𝑆𝑐ℎ
𝑖,𝑡 ⋅ 𝜂𝐵𝐸𝑆

𝑐ℎ − 𝑝𝐵𝐸𝑆𝑑𝑐ℎ
𝑖,𝑡

/

𝜂𝐵𝐸𝑆
𝑐ℎ (41)

0 ≤ SOCBES
𝑖,𝑡 ≤ SOCBES

𝑖,max (42)

0 ≤ 𝑝BES𝑐ℎ𝑖,𝑡 ≤ 𝜒𝐵𝐸𝑆𝑐ℎ
𝑖,𝑡 × 𝑃BES𝑐ℎ

i,max (43)

0 ≤ 𝑝BES𝑑𝑐ℎ𝑖,𝑡 ≤ 𝜒𝐵𝐸𝑆𝑑𝑐ℎ
𝑖,𝑡 × 𝑃BES𝑑𝑐ℎ

i,max (44)

𝜒𝐵𝐸𝑆𝑐ℎ
𝑖,𝑡 + 𝜒𝐵𝐸𝑆𝑑𝑐ℎ

𝑖,𝑡 ≤ 1 (45)

where constraint (41) represents the state of charge of BES; constraint
(42) shows the maximum state of charge of BES; constraints (43)
and (44) are the charge and discharge power limits of BES respec-
tively, where binary variables 𝜒𝐵𝐸𝑆𝑐ℎ

𝑖,𝑡 and 𝜒𝐵𝐸𝑆𝑑𝑐ℎ
𝑖,𝑡 indicate the charge–

discharge status; constraint (45) prevents the simultaneous charge and
discharge.

3.2.5. Green hydrogen production and storage
Producing hydrogen from renewable energy (known as green hydro-

gen) offers ports a plethora of environmental and economic advantages.
Smart seaports can play a pivotal role in the hydrogen market by
serving as a crucial connector between the origins and destinations
of hydrogen. This strategic positioning can enable them to exploit
their potential in producing hydrogen, thanks to their proximity to
offshore wind farms. Ports can host different production and storage
facilities for hydrogen, functioning as central hubs for fuel bunkering.
The incorporation of P2H technologies into smart ports is feasible
through the installation of electrolyser, which is the main core of P2H,
and extracts hydrogen from water using the electric energy [34].

Based on this idea, this paper aims to leverage the potential of ports
in increasing the utilisation of wind power generation by producing
hydrogen from excess wind power. Envisaging a future scenario, where
the hydrogen-powered vessels play a vital role in the transaction of
goods, the demand for hydrogen is defined based on the number of
vessels in the port. Expanding upon this concept, Eq. (46) [35] defines
the demand for hydrogen, factoring in the engine size of each vessel
and the number of vessels at berth, as represented below:

𝐻𝐷
𝑖,𝑡 = 𝛥𝑡

∑

𝑣∈𝛺𝑣

(

𝑁𝑉
𝑡 × 𝑃 𝑒𝑛

𝑣 × 𝑡𝑜𝑝𝑣
)

× 3600

𝜂 × 𝐿𝐻𝑉
(46)

where 𝑃 𝑒𝑛
𝑣 defines the engine power in kW of vessel 𝑣; 𝑁𝑉

𝑡 is the
number of vessels at berth at time period 𝑡; 𝑡𝑜𝑝𝑣 is the operating time
of vessel 𝑣 in hours; 𝜂 is the efficiency; LHV represents the lower
heating value of hydrogen to determine the hydrogen consumption,
which is 120,000 kJ∕kg. Knowing the engine power of the vessels, their
operating time for a certain voyage, and their arrival and departure
data enables the calculation of total hydrogen demand based on (46).

Assuming the availability of off-shore wind farms, the extra wind
power generation in the main grid can be used as the source for pro-
ducing hydrogen. Utilising the proton exchange membrane electrolyser,
which has several advantages such as high efficiency and pollution-
free operation [36], the produced hydrogen can be obtained as follows
[28]:

𝐻𝐺
𝑖,𝑡 = 𝜉𝑃 2𝐻𝑖 ×

(

𝑝𝑃2𝐻𝑖,𝑡 + 𝑝𝑊 𝑇𝑐
𝑖,𝑡

)

(47)

where (47) shows the extractable hydrogen (in kg). The electrolyser
efficiency (i.e. 𝜉𝑃 2𝐻𝑖 ) is a function of the loading level, as shown
below [28]:

𝜉𝑃2𝐻𝑖 = 𝑓
(

𝑝𝑃 2𝐻𝑖
)

= 𝜉𝑃2𝐻𝑖,max −
𝜉𝑃2𝐻𝑖,max − 𝜉𝑃2𝐻𝑖,min
𝑃2𝐻 𝑃2𝐻

(

𝑝𝑃 2𝐻𝑖 − 𝑝𝑃2𝐻𝑖,min

)

(48)

𝑝𝑖,max − 𝑝𝑖,min
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𝑝𝑃2𝐻𝑖,min ≤ 𝑝𝑃2𝐻𝑖 ≤ 𝑝𝑃 2𝐻𝑖,max (49)

Finally, based on the production and demand equations in (46) and
47), and capacity of hydrogen storage, the following nodal hydrogen
alance can be expressed for each port.

𝑆
𝑖,𝑡 = 𝐻𝑆

𝑖,𝑡−1 + 𝛥𝑡

(

𝜂𝐻𝑐 𝐻𝐺
𝑖,𝑡 −

1
𝜂𝐻𝑑

𝐻𝐷
𝑖,𝑡

)

(50)

𝑀𝑖𝑛
𝑖 ≤ 𝐻𝑆

𝑖,𝑡 ≤ 𝐻max
𝑖 (51)

here (50) denotes the nodal hydrogen balance. 𝐻𝑆
𝑖,𝑡, 𝐻

𝐺
𝑖,𝑡, and 𝐻𝐷

𝑖,𝑡 are
he storage capacity of the tank connected to the electrolyser, generated
ydrogen by electrolyser and demand for hydrogen based on (46),
espectively. Constraint (51) limits the storage capacity of the tank
onnected to the electrolyser.

. Multi-port coordination optimisation

After realising the network operation parameters, the MGO per-
orms the following optimisation to define the flexibility requirements
rom the ports:

in
𝐷𝑉

𝑂𝐹𝑀𝐺𝑂 = min

{(

𝐶𝑂𝑝
𝑇ℎ𝐺 + 𝐶𝑂𝑝

𝑊 𝑇 + 𝐶𝐶𝑢𝑟
𝑊 𝑇 + 𝐶Re𝑠

𝐺𝑃

)

+𝐶𝐸𝑚
𝑇ℎ𝐺

}

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∶
(52)

𝐸𝑀𝐺𝑂(𝑋𝑀𝐺𝑂
𝐷𝑉 ) ≤ 0 (53)

𝐺𝑀𝐺𝑂(𝑋𝑀𝐺𝑂
𝐷𝑉 ) = 0 (54)

where (52) is the objective function of the MGO (represented in (1)),
and constraints (53) and (54) represent the equality and inequality
constraints of the MGO optimisation, which are presented in constraints
(2)–(16). The decision variables of MGO optimisation are represented
by 𝑋𝑀𝐺𝑂

𝐷𝑉 . After solving the optimisation model, the optimal values of
𝜗𝐹 𝑙𝑒𝑥
𝑏,𝑡 and 𝑃𝑊 𝑇𝑐

𝑏,𝑡 are reported to the port operators.
Based on the information provided by the MGO and logistics-

operation parameters of the port network, the operators run the fol-
lowing optimisation:

min𝐷𝑉 𝑂𝐹 𝑝𝑜𝑟𝑡 =
∑

𝑡∈𝛺𝑡

𝛥𝑡 ×
(

C𝑝𝑜𝑟𝑡
𝑡 − 𝑅𝑝𝑜𝑟𝑡

𝑡

)

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∶
(55)

𝐸𝑃𝑂(𝑋𝑃𝑂
𝐷𝑉 ) ≤ 0 (56)

𝐺𝑃𝑂(𝑋𝑃𝑂
𝐷𝑉 ) = 0 (57)

where (55) is the objective function of the port optimisation (i.e. (17)–
(19)), while (56) and (57) denotes the equality and inequality con-
straints of the port network, represented by (20)–(49). After solving this
optimisation, the port operator sends the value and price of flexibility
along with the amount of wind power that can be used for producing
hydrogen.

4.1. Multi-port flexibility coordination

The determination of the value of flexibility offered by individual
ports is carried out through a coordination system that receives infor-
mation from ports based on their logistics operation. In this system,
each port acts as a participant and submits its supply curves to an
independent coordinator. On the other side, MGO provides a single-
step demand curve for each hour to the market, representing the
required demand with a price cap set by a maximum value determined
in the previous section. The flexibility coordinator is responsible for
8

deriving the value of flexibility, which is optimally obtained by solving
an optimisation problem based on merit orders, as formulated in the
Algorithm 1.

The algorithm operates iteratively, addressing the unique charac-
teristics of each hour of a day. It incorporates inputs from all ports,
considering their respective supply curves, optimal offers (𝐺𝑝

𝑡 ), corre-
sponding prices (𝜆𝑂𝑡 ), and the flexibility demand from the MGO, along
with the associated price cap (𝜆𝑡). The primary objective is to minimise
the cost of satisfying the port’s demand by effectively matching it with
the available flexibility. This optimisation is subject to the condition
that accepted offers fall within the range of maximum offers provided
by each port, and the flexibility demand is met. The auxiliary variable
𝑦𝑡 serves as a representation of the unfulfilled flexibility required by the
MGO, and the norm operator | ⋅ |1 is employed for vector calculations.

Upon solving the optimisation problem for each hour, the coordi-
nator communicates the determined price and commitments made by
each port. Additionally, the operator receives information concerning
the overall flexibility that can be provided by each port, along with
the corresponding flexibility price. In cases where the acquired values
do not align with the MGO’s requirements, necessary adjustments are
undertaken, prompting the initiation of a new iteration.

The algorithm, encapsulated in Algorithm 1, takes the flexibility
demand 𝐷𝑡 as input for each hour 𝑡 = 1 to 24 and outputs optimal
offers 𝑂𝑡 for the corresponding hours. The optimisation problem within
the algorithm seeks to minimise the expression 𝐺𝑝

𝑡 ⋅ 𝜆
𝑂
𝑡 + 𝜆𝑡 ⋅ 𝑦𝑡 subject

to certain constraints, ensuring that the accepted offers align with port
limitations and fulfil the flexibility demand.
Algorithm 1: Multi-port Flexibility Coordination

Input: Flexibility demand 𝐷𝑡 for each hour 𝑡 = 1 to 24
Output: Optimal offers 𝑂𝑡 for each hour 𝑡 = 1 to 24
for 𝑡 = 1 to 24 do

Solve the following optimisation problem:

min
(

𝐺𝑝
𝑡 ⋅ 𝜆

𝑂
𝑡 + 𝜆𝑡 ⋅ 𝑦𝑡

)

subject to:

0 ≤ 𝐺𝑝
𝑡 ≤ 𝑂𝑡

𝐷𝑡 = ‖𝐺𝑝
𝑡 ‖1 + 𝑦𝑡 ∶ 𝜋𝑡

Output: 𝐺𝑝
𝑡 as the vector of accepted offers and 𝜋𝑡 as

clearing price for hour 𝑡
end

5. Simulation setup and test system

The framework of the proposed optimisation model is given in
Fig. 2. As can be seen in this figure, the MGO and port operators solve
their optimisation with the aim of minimising the total cost of operating
the system including the emission cost. The MGO optimisation in this
level determines the optimal power flow decision variables, as well
as the value of wind curtailment and the flexibility requirement from
the ports. Simultaneously, the port optimisation problems define the
optimal coordination of logistics-electric operation along with a supply
curve indicating the price and value of the flexibility that can be
provided by each port. The MPFC receives the requirements of the
MGO, and based on the information provided by the ports including the
supply curves, defines the value of flexibility and the amount of wind
power curtailment which can be used in the ports. These processes are
numbered with one in Fig. 2. The MPFC receives this information and
solves an optimisation based on Algorithm 1. The share of each port
in providing the required flexibility and the hourly price of flexibility
is reported to the MGO and port operators at this level. Based on this
information, the port operators provide the required flexibility for the
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Table 1
Hourly power demand and wind power generation [37].

Time Active power demand (MW) Reactive power demand (MVAr) Wind generation (MW)

𝑡1 5022 1114 253
𝑡2 4678 1038 263
𝑡3 4472 992 295
𝑡4 4018 891 299
𝑡5 3770 836 331
𝑡6 4087 906 348
𝑡7 4541 1007 367
𝑡8 5091 1129 349
𝑡9 5160 1144 406
𝑡10 5917 1312 455
𝑡11 6260 1388 468
𝑡12 6604 1465 498
𝑡13 6329 1404 490
𝑡14 5710 1266 473
𝑡15 5504 1221 441
𝑡16 5641 1251 404
𝑡17 5848 1297 372
𝑡18 6192 1373 402
𝑡19 6467 1434 409
𝑡20 6549 1453 417
𝑡21 6673 1480 446
𝑡22 6880 1526 500
𝑡23 6260 1388 461
𝑡24 5710 1266 418
Fig. 2. The process of solving the proposed multi-port coordination problem.

main grid while receiving the wind power to supply their electrolyser.
It is worth mentioning that since this paper mainly focuses on port
flexibility, the participation of other flexibility providers has not been
considered.

The proposed model is a mixed integer linear programming that has
been solved using the CPLEX solver in GAMS software. The IEEE 39-bus
network is chosen as the main grid in this paper. Fig. 3 illustrates the
one-line diagram of this network. Six wind farms each with a maximum
capacity of 500 MW are installed at buses 2, 4, 5, 14, 22, and 24. Active
and reactive demand as well as available wind power capacity at each
hour is given in Table 1 [37].

Two seaports are assumed to be at buses 2 and 22 of the net-
work, where the availability of wind farms provides a potential green
hydrogen production for ports. In the rest of this paper, the ports
connected to buses 2 and 22 are called Port 1 and 2 respectively.
The one-line diagram of the Port 1 network is given in Fig. 4. This
network is connected to Bus 2 of the main grid. The data of different
assets, including different berths, cranes, IEVs, ES, and RESs is taken
from [31]. For additional details regarding the operation of the port,
refer to [31]. Without loss of generality, to investigate the proposed
multi-port coordination optimisation problem, a second port is defined
based on Port 1 data, accounting for variations in asset sizes and vessel
9

Fig. 3. One-line diagram of the main grid consisting of the buses connecting the
seaports.

arrival times. This port is called Port 2 and it is connected to Bus 22
of the main grid. The parameters related to the port assets are given in
Table 2 [31]. The data of P2H units installed at each port is given in
Table 3 [28].

6. Results and discussion

In this section, the effectiveness of the presented methodology is
thoroughly examined. The goal is to validate and demonstrate the
importance of the proposed method by comparing its performance
in different case studies. Specifically, the focus lies on exploring the
crucial aspects of multi-port coordination, hydrogen production, and
the environmental benefits associated with the cooperation of the ports.
The presented approach can be investigated from various perspectives,
such as economic and environmental benefits, how the flexibility of
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Fig. 4. Port 1 electricity network including different assets.

Table 2
Technical parameters PoT assets [31].

Parameter Value (unit) Parameter Value (unit)

𝑝max
𝑐 82.2 (kW) 𝑝Reef𝑟,max 5.7 (kW)

𝑇 𝑅𝑒𝑒𝑓
𝑟,max −28 (◦C) 𝑇 𝑅𝑒𝑒𝑓

𝑟,min −30 (◦C)

𝛼𝑟 2.903 𝛽𝑟 0.054 (◦C/kW)

𝜌𝐼𝐸𝑉
𝑒 0.5 𝑝𝑝𝑣𝑚𝑎𝑥𝑖 752 kW

𝑝𝐵𝐸𝑆𝑐ℎ∕𝑑𝑐ℎ
𝑖,𝑚𝑎𝑥 500 (kW) 𝑆𝑂𝐶𝐵𝐸𝑆

𝑖,𝑚𝑎𝑥 1000 (kW)

𝑝
𝐼𝐸𝑉 max

𝑐ℎ∕𝑑𝑐ℎ
𝑒 100 (kW) 𝐸𝐼𝐸𝑉𝑚𝑎𝑥

𝑒 200 (kW)

𝜂𝐵𝐸𝑆
𝑐ℎ∕𝑑𝑐ℎ 95 (%) 𝑤𝑓 50 ($∕person)

the ports impacts their operation and coordination, and the role of
the presented framework in leveraging the potential of ports for green
hydrogen production. This section demonstrates and explores these
perspectives by considering three cases, as outlined below:

Case I : The proposed port multi-port coordination method serves as
the main case study, providing a benchmark for comparison.

Case II : The proposed method without the coordination framework.
This case study will be compared with Case I to show the importance
of the proposed multi-port coordination method.

Additionally, a sensitivity analysis is conducted to further examine
the impact of critical inputs on the demonstrated results of the model.
Through these comprehensive analyses and comparisons, this section
sheds light on the effectiveness of the presented methodology in fa-
cilitating coordination, environmental and economic benefits of port
cooperation, and harnessing the potential of ports for green hydrogen.

6.1. Environmental and economic perspectives

To facilitate port cooperation, the MPFC is introduced, where the
required flexibility from MGO, along with a price cap, is specified. The
specific values for the required flexibility (referred to as process one in
Fig. 2) for the chosen case study are provided in Fig. 5. It is imperative
to note that if spinning reserve from thermal generation units is utilised,
it would result in approximately 7500 kgCO2∕day. With the system’s
long-term operation in view, this number could potentially increase
further. Hence, the assumption is that MGO prioritises the flexibility
provided by ports, but with a price cap in place to prevent a significant
increase in the cost of electricity provision.

Each port independently undergoes their optimisation problem to
determine their hourly supply curve. This is illustrated in Fig. 6 for
selected hours, showcasing the supply curves generated by both ports.
Upon observing the figure, it becomes evident that while Port 2 has
10
Fig. 5. The flexibility requested by the MGO from the ports.

Fig. 6. The supply curves offered by the ports for three different hours.

the potential to offer greater flexibility, the price for that flexibility is
higher compared to Port 1 for most hours. However, during periods
when a larger degree of flexibility is required, the market clearing
price is influenced by the supply curves of Port 2. Fig. 6 vividly
portrays diverse supply curves from both ports across various hours.
It is essential to highlight the varying assets each port possesses during
different times, granting flexibility in adjusting consumption for that
specific hour. The cost or price associated with these performance vari-
ations is derived from Section 4 formulation (Eqs. (52)–(57)), allowing
each port to determine the price corresponding to different levels of
flexibility. Examining Fig. 6, it can be observed that during certain
periods (e.g., 𝑡1), ports exhibit lower flexibility due to the limited
asset availability. Both ports can supply a reduced amount of power,
resulting in higher prices. Conversely, at time period 𝑡12, flexibility
is heightened, enabling ports to provide more power at lower prices.
These supply curves are subsequently utilised to meet grid demand,
determining the overall price of port flexibility cleared through the
coordination of MGO and ports.

To address this, the MPFC is responsible for solving Algorithm 1
for each hour. The output of this algorithm provides each port with
its respective share in providing the required flexibility, as depicted
in Fig. 7. This figure demonstrates that the requested flexibility from
the MGO is met by the ports, except for the time denoted as 𝑡1, which
is primarily due to insufficient available generation and flexible load.
Thus, it can be concluded that future electrified ports can actively
participate in the energy network, presenting a viable alternative to
current passive ports. This approach can delay the need for additional
generation and transmission investments while meeting environmental
pollution standards.

Fig. 8 displays the flexibility price determined by the MPFC for each
hour. These prices are derived from the supply curves submitted by
port operators (refer to Fig. 6). As indicated in the figure, the prices set
by the MPFC are all below the price cap. On average, the daily price
established by the MPFC is approximately 50% lower than the price
cap. This implies that the proposed MPFC serves as an effective method
for defining port flexibility cooperation.

In order to show the economic benefits of the proposed method in
addition to its environmental advantages (i.e. reducing 7500
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Table 3
Data of P2H units [28].

Port No. 𝑝𝑃 2𝐻𝑖,min 𝑝𝑃2𝐻𝑖,max 𝛾0,𝑖 𝛾1,𝑖 𝜅0,𝑖 𝜅1,𝑖 𝜉𝑃 2𝐻𝑖,min 𝜉𝑃2𝐻𝑖,max

(MW) (MW) ($/h) ($/MWh) ($/h) ($/kg) (kg/MWh) (kg/MWh)

Port 1 0 700 9800 1.20 0 3 20 15
Port 2 0 1400 19,600 1.20 0 3 20 15
Fig. 7. Share of each port for providing flexibility requested by the main grid.

Fig. 8. Price of flexibility defined by the MPFC.

kgCO2∕day as demonstrated in Fig. 5), the difference between price
cap and the price defined by the MPFC in Fig. 8 is multiplied by the
flexibility required by the MGO, i.e.:

{
∑

𝑡
(

|

|

�̄�𝑡 − 𝐺𝑝
𝑡
|

|

)

× 𝑃Re𝑠
𝑡

}

; which
is equal to $109.9 per day. Considering the cost of wind power
curtailment prevented by supplying the ports, the MGO can decrease
their operational cost by $39,225.9, while port operators make $3707.8
income from the provision of flexibility and providing hydrogen to the
vessels. These figures clearly show the significance of coordinating the
port flexibility from environmental and economic perspectives for both
port and main grid operators.

6.2. Role of multi-port flexibility coordinator

The proposed MPFC framework plays a crucial role in optimising
the environmental and economic objectives of ports while complying
with the requirements of the MGO. This section compares cases I and
II to investigate the necessity of the MPFC method. In Case II, the
MPFC algorithm is not solved and the MGO directly sends its required
flexibility along with the price cap to the ports. The ports send their
supply curves and the MGO decides how much they want to buy from
each operator. For example, at time 𝑡1, the MGO requested 1.19 MW
flexibility from the ports (see Fig. 5); and ports 1 and 2 respectively can
provide this flexibility with 10 and 8 $∕MWh based on supply curves in
Fig. 6. This means the MGO buys different amounts of flexibility from
the ports with different prices in the lack of an optimised MPFC.

The hourly price of flexibility in cases I and II (i.e. with and without
MPFC) is shown in Fig. 9. As can be seen in this figure, the price of
flexibility in Case II is different from that of Case I, while the price
defined in the former is higher than that of the latter in most of the
studied intervals. More dramatically, at time slots 𝑡7 and 𝑡10 the price
determined in Case II is above the price cap. This means the MGO
has to use thermal generation units to provide such flexibility in those
11
Fig. 9. Price of flexibility in cases I and II.

Fig. 10. Share of each port in providing the requested power by the MGO in cases I
and II.

times, which gives rise to environmental pollution. To demonstrate the
effectiveness of the proposed method in Case I, the share of each port
in providing the requested flexibility is depicted in Fig. 10. This figure
illustrates the lack of competition between the ports in Case II, with no
power exchange between the ports and the main grid at the intervals 𝑡7
and 𝑡10. This leads to a decrease in environmental impact to kgCO2∕day,
demonstrating the efficacy of the proposed method in Case I by creating
competition between the ports and mitigating environmental emissions.

Table 4 summarises the economic and environmental figures of
cases I and II. As can be seen in this figure, the proposed method in
Case I suggested better economic and environmental results compared
to that of Case II. It is worth mentioning that considering a long-
term operation and involvement of a large number of ports in such a
coordination method can highlight its advantages to a greater extent.

6.3. Harnessing Green hydrogen

Previous sections highlighted the importance of the proposed coor-
dination framework and the economic and environmental advantages
of port flexibility. This section investigates the potential of ports in
harnessing green hydrogen and their role in increasing the penetration
level of RESs.

Fig. 11 shows the curtailed power used by the P2H units in the ports.
As can be seen in this figure, all curtailable power reported by the MGO
is used in the P2H units. This figure shows the significance of hydrogen
production in the ports in increasing the penetration level of RESs.
Based on Fig. 11 and objective functions of the MGO and port operators
(i.e. Eqs. (1), and (17)), the MGO decreased its operational cost by
$39,116 while port operators make $3667 from using the curtailable
wind power. The former is because the MGO does not have to pay for
wind power curtailment costs while the latter is due to the income port
operators can make from turning the power to hydrogen. The produced
power by electrolyser is saved in the hydrogen storage and supplies the
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Table 4
Comparison of cases I and II.

Case No. Cost saving Daily average difference with the price cap CO2 saving
($/day) (%) kgCO2∕day

Case I 109.9 50 7500
Case II 102.5 48 6888
Fig. 11. The curtailed wind power used by the P2H units.

Fig. 12. The curtailed wind power used by the P2H units with consideration for branch
capacity limit.

vessels at berth. It is worth mentioning that the rest of the power for
producing the hydrogen is provided locally in the ports.

Fig. 11, however, illustrates the results for the IEEE 39-bus network
with high branch capacity limits. To showcase the impact of line con-
gestion on P2H, Fig. 12 is presented, taking into account a maximum
capacity of 3 MW in the branches linking the electrolysers in the ports
to the main grid. This figure demonstrates that power transfer limits
can influence the transmission of power from the main grid to the
electrolysers. It can be seen that ports failed to convert all available
curtailed wind power to the hydrogen due to the branch capacity
limit. It emphasises the importance of incorporating branch capacity
considerations in investment planning schemes for ports, enabling their
participation in flexibility programs.

6.4. Sensitivity analysis

This section provides different sensitivity analyses on the critical
information in the proposed method. Fig. 13 shows the changes in the
flexibility price defined by the MPFC when the percentage of flexibility
requested from the MGO changes from 10% to 20%. As can be seen
in this figure, when the value of flexibility requested by the MGO
increases to 20%, the port prices exceed the price cap, meaning that
the port capacity is not enough for the requested flexibility value and
they cannot provide it with the suggested MGO price cap. Therefore,
the amount of flexibility that can be provided by ports is limited by
their size.

Finally, Fig. 14 shows the changes in storage of curtailable wind
power by P2H units in the ports for different levels of wind power
penetration set by the MGO. Based on this figure, if for any security
reason, the MGO decides to decrease the penetration level of wind in
the network, the P2H units in the ports can store and use all available
12
Fig. 13. Variation of flexibility price for different values of flexibility requested from
the MGO.

Fig. 14. The changes in utilisation of curtailable wind power by ports for different
levels of wind power penetration.

wind power. Furthermore, this figure demonstrates that decreasing the
penetration level by 5% (i.e. from 45% to 40%) can bring about more
benefit for the ports in terms of P2H, with about 52% increase in the
amount of hydrogen production/storage from potential wind power
reported as curtailable by the MGO.

7. Conclusion

This paper proposes a comprehensive coordination framework for
the seamless integration of port flexibility into the energy network
through the concept of green port-to-grid. The proposed method metic-
ulously considers the logistics-electric constraints of the ports while
ensuring a harmonious balance with the operational and physical limits
of the main grid. A multi-port flexibility coordination framework is
proposed for defining the price and value of flexibility each port can
provide for the main grid. Furthermore, the potential of producing
and storing hydrogen in ports is investigated taking into account the
availability of vessels at berth as the consumers of green hydrogen.
The effectiveness of the proposed method is studied from economic and
environmental perspectives to highlight its advantages. The simulation
results show a reduction of 7500 kgCO2∕day as a result of utilising
the port coordination framework, which is an important guideline for
future smart ports to follow. The port flexibility prices defined by the
multi-port flexibility coordination operator are 50% less than the price
cap sent by the main grid operator. This enables the active participation
of the ports in the flexibility while highlighting the significance of
port cooperation. Finally, the ports enabled the utilisation of 100%
curtailable wind power through producing and storing hydrogen, which
can bring about more income for the ports and decrease the cost of wind
power curtailment for the main grid operator.

The future research direction can focus on the long-term technical
and economic advantages of the proposed coordination framework.



International Journal of Electrical Power and Energy Systems 158 (2024) 109937S. Nikkhah et al.

i
t
F
e
R

D

c
i

D

A

i
S

R

This will involve a more extensive simulation analysis to explore the
enduring impact of port flexibility coordination, addressing aspects
such as generation and transmission planning while highlighting its
sustained environmental benefits. Exploring the optimal number of
participating ports in the collaborative algorithm could be a promising
direction for future research, enhancing the efficiency of flexibility
provision within the grid. Finally, Future research could investigate
deeper into the collaborative interactions among different ports within
the multi-port coordination framework. This includes exploring po-
tential strategic games between ports and investigating specific ex-
changes of physical quantities among them for a more comprehensive
understanding of the collaborative control dynamics.
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