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The high environmental impacts of maritime transportation have led to an increasing interest in adopting
electricity as the ideal energy source within the sector. In this paper, we propose a novel integrated day-ahead
scheduling algorithm to jointly optimize the seaside/yard operation and the port energy system management
within one unified framework by harnessing the synergy between two of the most prominent maritime elec-
trification techniques: onshore power supply and microgrid. We formulate the joint scheduling problem as a two-

stage model. In the first stage, the port authority determines the optimal berth allocation for the incoming vessels
considering their cargo volumes, energy demands, and the availability of OPS facility and cargo handling
equipment (i.e., quay/yard cranes). In the second stage, acting as the port microgrid operator, the port authority
determines the optimal day-ahead scheduling of the container handling activities and operation of port microgrid
assets for each time slot. Uncertainty from renewable energy generation and port load forecast is also incor-
porated in the problem formulation. The simulation-based case study shows that the proposed joint scheduling
algorithm is capable of enhancing energy independence, system-wide efficiency, operational reliability, and
economy of the port microgrid in comparison with the conventional berth allocation strategy. We hope our work
provides insights into how electrification can help the maritime sector reinforce its commitment to sustainability

while remaining competitive.

1. Introduction

As the backbone of a trillion-dollar maritime industry that moves
90% of the cross-border world trade as measured by volume, maritime
ports are playing a pivotal role in advancing global trade and economies.
However, these ports are also major sources of vessel-related air pollu-
tion [1,2]. When a vessel is docked to the port, its main propulsion
engine is shut down. However, its auxiliary engine(s) remains on to
supply the vessel’s electric power demand for in-port activities such as
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cargo handling, lighting, heating, hot water, and ventilation. These
operations consume a large amount of low-quality fuel such as marine
diesel, gas oil, and heavy fuel oil, and account for a series of harmful
environmental impacts including exhaust fumes, noise, vibrations, and
air emissions (e.g., carbon (CO/CO»), sulfur oxides (SOy), nitrogen oxide
(NOy) and particulate matter (PM)) to the port workers, on-board
personnel, and the port area communities and residents [3,4]. Accord-
ing to the estimate [5], nearly 70% of PM emissions from shipping
(between 0.9 and 1.7 million tons) occur within 250 miles of the coast.
Particularly in cases where ports are located near large metropolitan
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Nomenclature

Sets

D Set of berths, i= {1..., ND}, where ND is the number of
berths.

K Set of vessels, k = {1..., NK}, where NK is the number of
vessels.

\% Set of quay cranes (QCs), v= {1..., NV}, where NV is the
number of QCs.

C Set of yard cranes (YCs), c= {1..., NC}, where NC is the
number of YCs.

M Set of energy storage systems, m={1..., NM}, where NM is
the number of energy storage systems equipped in the port
microgrid.

R Set of renewable energy generators, r={1..., NR}, NR is the
number of renewable energy generators in the port
microgrid.

G Set of dispatchable distributed generators (DGs), j= {1...,
ND}, ND is the number of dispatchable DGs in the port
microgrid.

T Set of time segments, t={1..., 23}

S Total number of scenarios.

Variables

bj. 1, if dispatchable unit j is on at time t; 0, otherwise.

A/ dy Actual arrival/departure time for vessel k.

Qi 1, if vessel k is assigned to berth i; 0, otherwise.

St ¢ 1, if vessel k starts berthing at time t; 0, otherwise.

Yik,t 1, if berth i is occupied by vessel k at time t; 0, otherwise.

Tty 1, if QC v is allocated to serve vessel k at time t; O,
otherwise.

Wit 1, if YC c are allocated to serve vessel k at time t; O,
otherwise.

Qje Power output of dispatchable DG j attime t.

Xj:/%;  Startup/Shutdown indicator of DG j at time t.

q; Utility output to microgrid at time t.

. Power output of energy storage m at time t.

gk Load shedding amount at time t in scenario s.

qst Amount of power curtailment at time t in scenario s.

Un,¢ 1, if energy storage system m is discharging at time ¢; O,
otherwise.

Vit 1, if energy storage system m is charging at time ¢t; 0,
otherwise.

Crm,t Stored energy in m at time t.

Parameters

EAy/EDy Estimated arrival/departure time for vessel k.

c1/¢s Penalty cost of vessel k for berthing after EAy/beyond EDy

E® Energy consumption of vessel k at berth

EF/E  Energy consumption of QCs/YCs allocated to vessel k at
berth.

TAk Container amount of vessel k (TEU).

01/65 Handling efficiency of QCs/ YCs at each berth (TEU/h).

02/6¢  The number of QCs/YCs allocated to vessel k at berth.

el OPS capacity installed at berth i.

1

Qq/Q,c Load rating of a QC/ YC per container move.
xP7/on Off/on time of DG j at time .
Tfﬁ /on " Minimum off/on time of DG j.

Qemin/max - Min/max power output from the utility at the PCC.

(2Jmi"/ M Min/max power output of dispatchable DG j.

pEpydehmin/mex nfin /max charge/discharge rate for energy storage m.

G Operation cost for dispatchable DG j.

SU;/SD;  Shut-down/startup cost of dispatchableDG j.

pi Power price in the utility market.

a Percentage of the shiftable vessel power demand.

Ef(/E{ Shiftable/Fixed energy consumption associated with vessel
k at berth.

qZ{'d/qZZi‘d Fixed/Shiftable power demand of vessel k berthing at
time t.

qz_ct'd/ ki‘d Shiftable power demand of QCs/YCs assigned to vessel k
at time t.

qf("’f/q,f(’ﬁ‘zZ Shiftable/Fixed power demand of vessel k at time t.

Aqr Renewable energy forecast deviation at time t in scenario s.

Adl Load shedding forecast deviation at time t in scenario s.

H A large positive number.

VOLL Value of load shedding.

VOPC  Value of power curtailment.

pi Power price in the utility market.

a Percentage of the shiftable vessel power demand.

Ef(/E{( Shiftable/Fixed energy consumption associated with vessel
k at berth.

Acronyms/abbreviations

OPS Onshore power supply
CBQ Conventional berth-QC approach

DER Distributed energy resource
BAP Berth allocation problem
QC Quay crane

YC Yard crane

areas, ship emissions could often be one of the dominant sources of
degraded air quality and urban pollution [6]. Based on the estimation of
the European Federation for Transport and Environment, air pollution
from international shipping results in approximately 50,000 premature
deaths per year in Europe [7].

One of the most effective ways towards emission reduction for ships
at berth is to use cold ironing. Cold Ironing, also known as shore-to-ship
power supply or onshore power supply (OPS), allows a ship to be
“plugged” into the port electricity system and utilize shore-side power
supply from the port to support its energy demand while at berth [3,4].
In this way, a ship can completely shut down its auxiliary diesel-burning
engine and utilize the onshore electricity, a much cleaner alternative to
support its energy demand at berth without disruption to onboard ser-
vices. In addition to drastically reducing harmful air emissions at the
maritime ports, OPS can also eliminate the noise and small particle

pollution in the port vicinity [8]. Numerous studies have shown that
there are great environmental benefits of using the OPS. While the
specific benefits of OPS are dependent on factors such as regional
characteristics, grid conditions, and traffic patterns at ports, a previous
study [9] has shown that, in the UK, implementing OPS would reduce
the emissions of CO,, SO, CO, and NOy by 25%, 46%, 76%, and 92%,
respectively, when compared with using marine diesel oil. According to
the U.S. environmental protection agency (EPA), the benefits of OPS
deployment contribute to 60%-80% reductions of emissions of CO5 and
other air pollutants from ships at different ports in America, Europe, and
Asia [10].

The concept of “microgrid” is another emerging technological
advance that has gained significant attention from the maritime industry
in recent years [11-14]. A microgrid is a relatively small-scale localized
energy network featuring an effective integration of high penetration
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levels of distributed energy resources (DERs), such as renewable energy
resources, energy storage devices, and controllable loads [15]. A
microgrid can operate autonomously both in an island mode (i.e.,
disconnected from the main utility grid) or a grid-connected mode. With
the recent trend of electrification of cargo handling equipment and the
energy replacement of diesel to electricity, a microgrid is an emerging
alternative to provide secure, high-quality, and green energy, which
opens up opportunities for energy assurance, capacity expansion, sus-
tainability enhancement, and operation continuity to further improve
the port’s smartness [11,16].

Despite the apparent benefits, the management of such a compli-
cated maritime energy system, as shown in Fig. 1, is a complex opti-
mization problem. Conventionally, the seaside operation includes the
assignment of berth space and service time to vessels for loading/
unloading operations, which is commonly referred to as the berth allo-
cation problem (BAP) [19,20]. Meanwhile, the trans-shipment of cargo
requires the coordination of port equipment such as quay cranes (QCs),
yard equipment such as yard cranes (YCs), and cargo handling equip-
ment [21]. The overall terminal operation can thus be modeled as an
integrated logistic problem to focus on maximizing the operation effi-
ciency and throughput of a port, leading to higher revenues. However,
with the incorporation of OPS and given the significant vessel energy
demand on the MW level, it is clear that the electrical characteristics of
vessels have to be considered in the operation and management of the
port energy system based on microgrid as well [22]. This is especially
important to be considered together with the shoreside renewable
generation, which can be a major source of uncertainties due to their
highly volatile and stochastic nature. Hence, it is apparent that effective
co-operation of berth allocation and port microgrid becomes crucial for
fostering a resourceful, reliable, cost-effective, and sustainable marine
energy system to mitigate emissions from shipping sectors, which are
estimated to increase by 50 to 250% by 2050 [3].

To tackle this challenge, this paper proposes a novel joint scheduling
algorithm to bridge the technological gaps in the conventional port
scheduling paradigm and advance the energy system design and oper-
ation for maritime ports. We formulate the optimal day-ahead sched-
uling problem as a two-stage model. In the first stage, the port operator
determines the optimal berthing time and position for the arriving
vessels in the scheduling horizon to load and unload containers as a
berth allocation problem (BAP). Then, the optimal scheduling of the port
microgrid incorporating the OPS facility and container handling
equipment is addressed in the second stage to optimize the port’s energy
and economic performance. The contributions of this paper can be
summarized as follows:.

(1) This paper seeks the synergy between two of the most prominent
maritime electrification techniques, OPS (as well as the associ-
ated berth allocation problem) and port microgrid, to expand the

OPS 1

Power Frequency Switch
Transformer Converter Board

.
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conventional scheduling practice of the port operation and enable
an energy-efficient and environmentally friendly port.

(2) This paper presents a novel two-stage day-ahead scheduling
strategy to jointly optimize the seaside/yard operations and port
microgrid energy management. The proposed scheduling strategy
enhances the service level of a port, as well as the reliability and
efficiency of the port energy system, via an integrated approach.
To the best of our knowledge, this paper is the first of its kind in
this direction.

(3) This paper conducts a comprehensive study to highlight how the
proposed scheduling approach can effectively harness the OPS
and microgrid technology to improve the performance of a
maritime port in terms of operation efficiency, electricity cost,
emission mitigation, and energy independence.

The remainder of this paper is organized as follows. Section II de-
scribes the outlines, key structures, and assumptions of the proposed
work. Section III formulates a two-stage stochastic programming model
and the associated solution algorithm. The simulation-based case studies
are presented in Section IV with the conclusions drawn in Section V.

2. Outline
2.1. Current research and industrial practice

Currently, there are many existing and ongoing efforts in the mari-
time industry to integrate microgrids into their energy system design. In
the United States, in response to California’s electrification push, the
state’s largest ports including Ports of San Diego (SD), Log Angeles (LA),
and Long Beach (LB) are turning to microgrids for their superior effi-
ciency and environmental footprints. The microgrid at Port of SD,
anticipated to be installed starting early 2021, will consist of 700 kW of
solar, 700 kW of energy storage as well as electric charging and shore
power infrastructure to serve its Tenth Avenue Marine Terminal [23]. It
is expected to save the port approximately 60% on electrical bills at the
terminal per year. During an emergency such as a power outage, the
microgrid is designed to maintain the operation of critical terminal
infrastructure for approximately four hours. The microgrid will benefit
the nearby San Diego International Airport and U.S. Navy base as well
[24]. The Port of LA microgrid will incorporate a 1-MW solar PV array,
an onshore 2.6-MWh battery storage system, and an updated electrical
infrastructure to support the needs of heavy-duty electric trucks, yard
tractors, and high-power electric vehicle chargers at its Green Omni
Terminal [25,26]. During power outages, the microgrid will be able to
island from the utility grid and meet the energy demand of the 40-acre
facility. The project is anticipated to reduce 3,200 tons of greenhouse
gases and nearly 28 tons of diesel PM, NOy, and other harmful emissions
from port operations annually [26]. The $7.1 million microgrid for Port
of LB is anticipated to include a 300-kW solar array, a 330-kW stationary
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Fig. 1. Operation of a fully electrified port.
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battery storage, a 250-kW mobile battery storage, and a 500-kW diesel
generator [26,27]. The microgrid will facilitate the port’s effort to
become a zero-emission green port. It is also expected to increase the
security, stability, and resiliency of the port’s energy system. The
commissioning of the Port LB microgrid is scheduled for August 2021
[27].

For European ports, many have invested in the infrastructure for
renewable energy such as wind (e.g., 200 MW/45 MW/28.2 MW in ports
of Rotterdam, Antwerp, and Amsterdam, respectively), solar panels
(11GWh/750MWh/55MWh in the Ports of Amsterdam, Rotterdam, and
Gothenburg, respectively), and wave/tidal energy [14]. Furthermore,
the microgrid solution has been adopted by ports of Antwerp and Bar-
celona to effectively manage locally produced renewable energy
[28,29]. Port of Rotterdam is also looking into the development of a
virtual power plant (VPP) to integrate thermal and renewable energy
resources [30]. The proposed VPP is expected to work as a microgrid
cluster to enable emission reduction, demand-side management, and
eventually increase the energy efficiency at the port. A block-chain-
based trading platform is currently being evaluated to facilitate power
transactions within the VPP [30].

2.2. Synergy between the OPS and port microgrid

The synergy between the OPS and a port microgrid can be enumer-
ated in the following aspects:.

(1) Emission control: While OPS eliminates a large portion of envi-
ronmental impacts produced by the ships at berth, the port
microgrid provides the platform to further advance the port’s
sustainable initiatives and ultimately achieve the zero-net energy
goal by utilizing low-carbon generation and renewable energy
sources such as zero-/low-emission liquefied natural gas (LNG)
and liquefied petroleum gas (LPG) powered engines, onshore and
off-shore wind generation, solar generation, tidal energy, and on-
site bioenergy [17,18]. Hence, the zero-emission combination of
port microgrid and OPS provides true environmentally respon-
sible energy and promotes the role of maritime transportation in
answering the worldwide call to combat climate change and
address the port’s negative impact on the environment and public
health.

(2) Energy efficiency and economics: Considering the ever-
increasing traffic volume of vessels coming in and out of a port,
the energy consumption from OPS poses significant challenges to
the efficient and reliable operation of the onshore power system.
A port microgrid, equipped with advanced operation and control
techniques, provides a well-rounded solution to this challenge
[31,32]. The multiple energy assets owned by the port microgrid
and its intelligence allows it to optimally shift the combinations
of renewable generation, storage, dispatchable units, and grid
assets to provide the most cost-effective means of supply power.
The advanced underlying smart grid technologies allow the port
to be constantly operated in an efficient and economical way to
intelligently dispatch the energy storage, reduce peak-hour de-
mand, lower operation cost, and mitigate peak-hour costs while
meeting the power demand and power quality requirements from
the OPS facility and other port demands. Furthermore, a micro-
grid also ensures the seamless integration of the OPS and the
shore power system where a complex power converter-based
interfacing is required.

Security and resiliency: OPS requires a continuous, high-quality

power supply during the vessel’s stay. Hence, a port with sig-

nificant OPS installations can be vulnerable to power distur-
bances and outages. In this regard, a port microgrid equipped
with local distributed generation and energy storage resources
can operate in an island mode when the reliability of the utility
grid deteriorates and thus adds significant power safety and

3

-
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security to the port and its OPS facility. This energy independence
is particularly valuable in the face of weather-related extreme
events, which occur more frequently with higher severity in
recent years.

2.3. Joint berth and microgrid scheduling

In this paper, we propose a novel two-stage decision making process
as shown in Fig. 2 to support the joint operation of the microgrid and
OPS for vessels at berth. In the first stage, the port authority gathers
information such as the anticipated arrival/departure schedule of a
vessel and the total volume of containers to be loaded/unloaded from
the vessel to estimate its total energy demand while at berth. Berth in-
formation will also be collected such as the berth status and the installed
OPS power capacity. Based on the aforementioned information, the port
authority can determine the optimal berth allocation considering the
OPS allocation that minimizes the overall cost for the berthing of a
vessel.

In the second stage, the port authority is acting as the port microgrid
operator and determines the optimal day-ahead scheduling of the port
microgrid assets considering the uncertainties from renewable energy
sources and islanding situations. As a profit-driven entity, the objective
of the port authority is to minimize the microgrid operation cost by
effectively utilizing available local generation resources and energy
storage systems, managing the load power consumption resulting from
the port activities, and handling the interaction with the utility grid. The
port authority also needs to perform load shedding and generation
curtailment to maintain efficient and reliable port operation if the power
balance of the port microgrid is disturbed.

The following assumptions are made in this article: During the berth
scheduling stage, 1) the quay consists of a discrete number of berths and
for each time segment of one hour, only one vessel can be served at every
single berth; 2) there are no special constraints at the berth, which
suggests no restriction regarding the ship length and draught; and 3) the
scheduling horizon is divided into an equal time segment. For microgrid
scheduling, the internal network of the port microgrid is not considered
due to its limited geographical span. We consider two categories of DGs
in the system: dispatchable DGs such as diesel/natural gas generators,
and non-dispatchable units such as wind turbines and solar PV panels
[11,17,28].

3. Model and method
We propose a two-stage model with the berth allocation problem in

the first stage, followed by the port microgrid optimal scheduling
problem in the second stage.

3.1. Berth allocation problem

Given the berth layout of a port and a set of vessels expected to be

First Stage: Day-ahead berth planning

Goal: Minimize the total cost for a vessel while at berth
Determines: The optimal berth allocation

v

Second Stage: Day-ahead port microgrid scheduling under
uncertainty

Goal: Minimizing the operation cost of the port microgrid with
the incorporation of the OPS load

Determines: Hourly operation schedule of the port microgrid

Fig. 2. Jointly optimized berth and microgrid scheduling.
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served within the next 24 h scheduling horizon, the objective function of
the BAP is to minimize the penalty cost representing the deviation be-
tween the service starting time and the expected arrival time, as well as
the penalty cost caused by the deviation between the service finishing
time and the expected departure time for all vessels as shown in (1):.

min{ch (A — EA)T + CZZ(EDk — dﬁ*} (@D)]
3 %

The first and second terms of (1) are the summation of the costs
associated with waiting time and delayed departure time of vessels,
respectively. As the expected arrival time of the vessel is an agreement
between the port and the shipping company, we consider vessels
arriving at the port ahead of time would disrupt the subsequent berth
allocation and the punctual departure of other vessels; hence is pro-
hibited. Therefore, the first term only accounts towards the objective
function when it is positive. Meanwhile, all vessels are expected to leave
the port once the loading/unloading operation is completed. If a vessel
needs to spend longer at the port than the expected departure time, it
needs to pay a late departure penalty. However, no penalty applies if a
vessel departs earlier than its scheduled departure time. This penalty is
described in the second term of (1).

In (1), (i — EAR)" can be linearized by introducing a non-negative
variable x,x to replace (1 — EAY)™, and adding Xpk > M — EAx as a
constraint. Similarly, (EDx — dx)" can be linearized by introducing a non-
negative variable xp i to replace (EDy — di)". Then, the modifie-
d objective function can be expressed as:.

minz (C1Xp 4 + C2Xpg) 2)
X

The constraints of the first stage model are defined in (2)-(16).
Specifically, constraint (3) indicates that the actual arrival time of the
vessel cannot be earlier than the expected arrival time of the vessel, to
ensure the loading and unloading operation:.

M=EA;, Yk 3

Constraint (4) entails that the handling capacity of each berth needs
to be sufficient for a vessel to complete its loading and unloading
operation. The handling capacity of each berth is measured by the
maximum number of containers that can be handled at the berth per
hour. The higher the handling capacity, the shorter the vessel has to stay
at the port, which improves the operational efficiency and throughput of
the port.

> 01608a>TA VK @

Similarly, the capacity of the OPS installed on a specific berth should
be sufficient to satisfy the vessel’s energy demand from the onboard
energy activities during the berthing time segments as depicted in (5):.

S VB ki ®)
t

Constraint (6) indicates that each vessel can have one and only one
start time sty ; during the scheduling horizon. Hence, once the operation
starts, the loading and unloading process lasts until it is completed.

> st=1 vk ()
1

Constraint (7) defines the actual departure time Ax and describes the
relationship between the actual arrival time and the actual departure
time of a vessel.

Me=di+Y Y =1 Yk ™
t i

Constraint (8) ensures that each berth can only serve one vessel at
each time segment within the scheduling horizon. This constraint
eliminates the potential space conflict among vessels per time segment.
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D i<l Vi (®)
k

Constraint (9) ensures that each vessel can only be assigned to one
berth. Constraint (10) denotes the relationship between a;x and ;.

> au=1 Vk 9

Z)’i.k,r —t-a; <0 Vk,Vi (10)
t

Constraint (11) states that a vessel cannot change its position once it
is berthed, i.e., no changing of berth is allowed during service.

di +H(yiss — D)<ty <l Yk, Vi VE an

Upon the completion of the berth scheduling in the first stage, the
total energy consumption of each ship and the QCs and YCs allocated to
the ship is determined.

3.2. Port microgrid scheduling problem

The second stage problem is a microgrid scheduling problem, the
objective function of which is to minimize the operation cost as shown in
(12). This cost includes: 1) the operation cost of the microgrid’s dis-
patchable DGs to produce energy, 2) the transaction cost between the
port microgrid and the utility grid in the form of energy at the point of
common coupling (PCC), and 3) the penalty cost associated with load
shedding and power curtailment [33].

miny > (cigs + 5:.8U; + 2,5D) + > _ (p<q)
j ot t
Lo a2
ty 2_(D_D (VOPC'L, + VOLL )
n=1 s t

As a general rule of thumb, all the dispatchable DG units within the
microgrid are subject to power capacity constraints (13) such that the
maximum/minimum output of each generator is constrained. The dis-
patchable DG units are also subject to minimum uptime and downtime
limitations as described in (14) and (15). Furthermore, the generator
output is constrained by the ramp-up/down limits, as depicted in (16)
and (17), respectively.

by Q"< <y Q5" ) Ve 13)
(X7 = T7")(bju1 — b )20 V), Ve 14)
(X!“/lj—l - T,;ﬁ)(b.m —bj—1)20 V)Vt (15)
G0 = Gu1 <2 = by — ) Q™ VGV 16)
Gi-1 — <2 — by — b_f.z)Q_f’"“" vj, Vit a7

We consider the interaction between the port microgrid and the
regional distribution system (i.e., the utility grid) involving the bi-
directional exchange of energy (i.e., active power). Considering the
physical limit of a PCC, we include the bounds for the energy interaction
as shown in (18). Note that the default transfer direction is from the
utility to the port microgrid; hence, a negative exchange indicates the
port microgrid is selling surplus energy generated by its internal re-
sources back to the utility.

Qz:.minSq;'SQc,max Yt (18)

The port microgrid is equipped with energy storage systems. Each
energy storage system can either be charged or discharged subject to its
charging/discharging rate as described in (19) and (20). The charging/
discharge state defined in (21) indicates that only one working mode is
allowed at each time segment. The operation of the energy storage
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system includes the bound of the variations of the state of charge (SoC)
for each time segment, and the maximum/minimum state of charge
allowed for reliable operation of the energy storage system as shown in
(22) and (23):.

TSP s — PV Y, 19)
Gy 2Pt "ty — Pl vy Y,V (20)
Uy V<L VY, Vit (21)
Cpi=Chp1 — qiu Vm, Vit (22)
CM"<C, KCHM™  m, Vit (23)

The power consumption within the port microgrid involves two
parts: the port load and the load resulting from the vessel berthing and
the associated cargo loading/unloading. While the total energy con-
sumption associated with each vessel Ex is determined during its entire
stay, the specific hourly power usage can be adjusted. More specifically,
we assume that there is a certain percentage of Ey, namelyE{, to support
the essential hourly vessel operations while at berth, such as the air-
conditioning, lighting, and hotel load, and thus is fixed as described in
(25). The rest of the vessel energy consumption plus the energy con-
sumption from the QC and YC operation to support the cargo transfer of
vessel k is considered shiftable and can be adjusted by the microgrid
operator during the vessel’s berth as in (26). In this way, the port
microgrid operator can schedule the handling of the vessels based on the
operation status of the port microgrid in a flexible manner.

E,=E +E, vk @29
E.=(1-aE* vk (25)
E, = aE," +E[' +E Vk (26)

Therefore, the fixed hourly load during a vessel’s stay can be
described as:.

al = E /(i —d) VKV 27

Meanwhile, the shiftable hourly load associated with each vessel is
described in (28), which includes three terms: 1) the first term describes
the vessel’s load at berth; 2) the second term is the power demand from
the QCs allocated for each vessel; 3) the last term is the power demand
from the YCs allocated for each vessel:.

4 =t et ke (28)

Sat =aE vk 29
1

qurd _ ch (30)

Equ d _ E[\(( (31)

The total power demand of QCs/YCs for each vessel is obtained by
multiplying the number of QCs/YCs with their individual load rating
and handling efficiency as shown in (32)-(33), respectively.

als' = 0, Yk (32)

45" =Y Orewi, Qe VK (33)

Constraints (34) and (35) ensure that the sum of the number of QCs/
YCs allocated to each time segment is equal to the total number of QCs/
YCs assigned to each vessel.
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SN v =08k (39
1 v

SN ewiie =06k (35)
t c

In the handling process of vessels, the assignment of QCs and YCs
should be properly synchronized. Constraint (36) assures that QCs are
assigned to each vessel at berth. On the other hand, (37) indicates the
link that the allocated QCs and YCs should be active simultaneously to
transport the containers:.

Zrk” Zy,k, Vk, Vi (36)
Zrk.z,v =

It is noted that the hourly vessel load cannot exceed the maximum
capacity of each OPS:.

D Wiee VI 37

al! + @< Pau Ykt (38)

The shiftable energy will be used to handle power curtailment and
load shedding caused by the errors from the output forecast of renew-
able energy and load as follows:.

a0 =

Ag, +qid + gt at gt Yk, s

(39

The load shedding and power curtailment will be included in the
objective function of microgrid scheduling. Meanwhile, the microgrid
power balance needs to be ensured, such that the power imported from/
exported to the utility, storage system, dispatchable generator, and
renewable generator should be equal to port microgrid load plus load
related to vessel berthing, which includes the power consumption of the
vessels at berth and the quay/yard equipment, including QC loads and
YC loads. The power balance is captured by constraint (40):.

q@ + qu, + Zq,,+2q,,—q,+2q””+zqi‘f A (40)
k

3.3. Uncertainty modeling

Two major sources of uncertainty considered in this paper are
renewable energy generations and load consumption in the microgrid.
For the purpose of scheduling, the forecasted values will be used with a
normal distribution to describe the forecasting error. The probability
distributions of the renewable energy output and hourly load forecast
are defined in (41) and (42), respectively:.

g, ~NW,,c2,)Vr,vt (41)

g ~ N(Ly,,07,) VIVt (42)

The mean values of the normal distribution are the forecasted hourly
load consumption and renewable energy generation, and the standard
deviation is set to be 10% of the expected hourly values, respectively.

4. Numerical experiments

We evaluate the performance of the proposed approach through a set
of simulation-based case studies consisting of a terminal with five berths
equipped with OPS. The specification of OPS installation and the energy
usage profile of the terminal are modified based on the actual infor-
mation of the fourth phase of Yangshan Port in Shanghai, China [34].
More specifically, the capacity of the OPS installation at each berth is
shown in Table 1. We assume that each berth can allow up to 4 QCs to
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Table 1
Berth Information.
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Berth # OPS capacity =~ Maximum number of deployable QCs for each berth
(MW)

1 1 4

2 1 4

3 1.5 4

4 1.5 4

5 2 4

operate simultaneously. To avoid potential congestion, the terminal can
allow up to 12 QCs and 20 YCs to operate simultaneously. The detailed
information of the vessel fleet including their arrival, due time, auxiliary
engine rating, and cargo to be handled is modified from [21], which is
also based on Yangshan Port, and provided in Table 2.

For the port energy system, we consider a microgrid with five dis-
patchable DG units, two non-dispatchable (i.e., renewable) DG units
(one wind generator and one solar generator), and one energy storage
system. The detailed specifications are adopted from [11] which dis-
cusses the sizing of port microgrid and are provided in Table 3 and 4,
respectively.

To evaluate the environmental impacts of the port and vessel oper-
ation, the following emission coefficients as shown in Table 5 are
adopted for the pollutants of CO3, SO2, NOy, PM;o, and PMs 5 for the
marine diesel fuel and the dispatchable generating units within the port
microgrid, respectively. Note that the emission coefficients for marine
diesel fuel used in the case study were taken from literature [35] and
[36]. These parameters are also consistent with the “Fourth IMO
Greenhouse Gas Study 2020” conducted by the International Maritime
Organization (IMO) [37]. Meanwhile, the emission coefficients for the
Dispatchable DGs (micro-turbines) were adopted from the latest
“Emission Factors for Greenhouse Gas Inventories” recommended by the
U.S. Environmental Protection Agency [38]. We assume that all the
dispatchable units are micro-turbines equipped with standardized air
pollution control devices.

The following simulation results were obtained using GAMS [39] on
a laptop equipped with 1.60 GHz Intel© CPU and 8 GB of RAM.

4.1. Performance evaluation

We first evaluate the performance of the proposed approach
compared to a benchmark that adopts the conventional berth-QC
(hereinafter referred to as CBQ) scheduling [19-41]. CBQ model has
been commonly adopted in the literature to study the optimal port
operation scheduling with both BAP and conventional port energy sys-
tem scheduling taken into account. More specially, the goal of the CBQ
scheduling is to minimize the total operating cost of vessels while at

Table 2
Vessel Information.
Vessel Arrival Due Container  Required QCs YCs
name time time (TEU) required required
vessel
power at
berth
(MW)
MSG 9 15 428 1.99 13 18
NTD 10 16 455 0.7 13 19
CG 3 8 259 0.7 8 11
NT 20 24 172 0.32 6 7
LZ 12 20 684 1.26 20 28
XY 4 10 356 0.7 11 15
LZ1 8 14 435 0.7 13 18
GC 11 16 350 0.43 10 14
LP 19 23 150 0.32 5 6
LYQ 18 23 400 0.83 12 16
CCG 10 15 333 0.63 10 14

Table 3
Characteristics of dg units. (D: Dispatchable, ND: Non-Dispatchable).
DG Unit Type Cost Coefficient Min.-Max.
($/MWh) capacity
(MW)
G1 D 21.6 4-15
G2 D 33.8 2.5-12
G3 D 45.4 2-10
G4 D 52.8 1.5-8
G5 D 66.3 0.8-5
G6 ND 0 0-4
G7 ND 0 0-5
Table 4
Characteristics of the energy storage system.
Storage Capacity Min.-Max.
(MWh) Charging/DischargingPower
(MW)
ESS 20 0-5
Table 5
Emission coefficients of diesel (g/kg) and DG(g/mw).
CO, SO, NOy PM;o PMs
Marine diesel fuel 3160 0.35 47.6 1.4 1.4
Dispatchable DGs (micro-turbines) 725 0.032 0.2 0.04 0

berth, which includes penalty cost for vessels not arriving and departing
on time, OPS electricity cost, QC electricity cost, and YC electricity cost
as shown in (43). Furthermore, it is assumed in the CBQ model that the
port is not equipped with a microgrid and thus it has to purchase all the
power from the utility grid. It is thus evident that CBQ takes into account
the impact of the energy price fluctuations on the selection of berths and
the operation status of cargo handling equipment. Similar to the pro-
posed approach, the CBQ approach is subject to a set of operation-
related and OPS-related constraints (1)-(11), (32)-(38), as well as (44)
and (45).

> i — EAY)T + > ea(ED — di)*
min , , k . " 43)
YN g, + gl + a)
k t

s.t. (1)-(11), (36)-(37), and.

D a=ES Y dl =EF Y ai = BNk (44
f ' 1

61);,,<ZC§'” S a;, Vk, Vit 4s)

The energy and operational performance comparisons of the pro-
posed joint scheduling approach and CBQ are shown in Table 6. We can
clearly observe that when OPS is fully integrated into the port energy
system, the traditional CBQ scheduling suffers from a longer waiting
time (5 h) than the proposed approach (1 h). The detailed berth allo-
cations for both approaches are shown in Fig. 3. More specifically, Fig. 3
(a) shows that vessel GC experiences a three hour wait because CBQ is
attempting to take advantage of the low electricity price and assign as
many QCs as possible to existing vessels, which results in a QC shortage
for new incoming vessels. Then, vessel LYQ also experiences a two hour
wait as the time period of 17:00-20:00 is the peak of the electricity price,
and CBQ chooses to delay the operation of vessel LYQ to avoid the
excessive energy cost of QCs and YCs. By contract, we can see in Fig. 3(b)
that vessel LZ only experiences a one hour wait as there are no idle QCs
available at the port between 12:00 and 13:00 in the proposed approach.
We can also observe that the operation of vessels is not affected during
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Table 6

Comparison of CBQ and the proposed joint scheduling approach.
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Total Waiting  Total QC energy Total QC Total YC Total YC Total OPS Total OPS Total port energy
handlingTime Time consumption energy cost energy energy cost energy energy cost system operation
(h) (h) (MWh) % consumption (€3] consumption [€))] cost ($)
(MWh) (MWh)
CBQ 47 5 28.093 1851.069 17.288 1223.36 11.98 2908.32 6616.352
Proposed 43 1 28.093 1793.452 17.288 1082.32 9.96 2703.27 6404.475
approach
demand. In particular, between 12:00 and 23:00, we can observe that
NTD High NT the port is completely relying on the port microgrid for its energy de-
Berth 1 10-14 ele;:;z“y 2-21 mand. The port operator also continues to export the additional power
XY . \ Y0 generated by the port microgrid back to the utility grid during peak
Berth 2 46 8-11 N7 e , 20-22 hours to alleviate the burden of the main grid and gain economic
”””””””””””” Py Z G " benefits.
Berth 3 10-12 14-16 ‘ 20-21 Fig. 5 illustrates the detailed energy consumptions from different
pom = port equipment and facilities. It can be observed that for the 24-hour
Berth 4 scheduling horizon, the operation of QCs consumes roughly half of the
total energy demand of the port for both scheduling approaches. The YCs
Berth5 | _, “9“512 and OPS facilities, on the other hand, account for around 30% and 20%
F e s I E— of the total energy consumption of the port. The energy consumption
Time (Hour) profile shows that QCs can be the main energy consumer in the port
@ energy system. Therefore, improving the energy efficiency of the QCs
GC LYQ through methods such as adjustments of configuration and operation
Berth 1 1-14 18-20 procedures can be an effective way to reduce the port’s overall energy
"""" NTD N consumption. This finding is consistent with the literature [42].
Berth 3 ézlll N Qcs 4.2. Impact of OPS capacity
Berth 4 S‘j ‘ ﬁ)CIGzl 1 ;-Zlg ‘ Based on the previous discussion, it is apparent that the capacity of
L — the OPS facility affects the berthing choices for vessels, and to a certain
Berth5 | ‘ (fg) ‘ 1\9/151? ‘ o1 extent, has an impact on the operation of the port. In the following
0 - 5 . o analysis, we consider six different OPS configurations to evaluate the
Time (Hour) impacts of OPS installations on the port operation in terms of operation
(b) efficiency and emission reduction based on the proposed joint sched-

Fig. 3. The berth allocation for (a) the CBQ scheduling and (b) the proposed
scheduling approaches.

the peak hours in the proposed approach, thanks to the support from the
port microgrid.

Meanwhile, Table 6 indicates that the total port energy system
operation cost for the proposed approach is 7.6% lower than CBQ. More
specially, while the total energy consumption from QCs and YCs are
identical for both approaches, their associated energy cost is roughly 3%
and 13% lower for the proposed approach, respectively. This is because
the proposed scheduling approach fully utilizes the renewable energy
and energy storage integrated into the port microgrid, yielding a lower
energy cost. For the OPS, we can observe that due to the shortened total
berth time for vessels at the port, less energy is required to support the
operation of the OPS facility, which yields a lower overall energy cost as
well.

Furthermore, Fig. 4 depicts the detailed power generation profiles
for CBQ and the proposed approach, respectively. It can be observed in
Fig. 4 (a) that, under CBQ, since the port operator relies on the utility
grid to satisfy the port’s power demand, it has to continue importing
energy when the market price is high between 16:00 and 20:00. By
contrast, the proposed approach allows the port energy system to be
operated in a more flexible and independent fashion. Fig. 4 (b) shows
that when the electricity market price is low during the off-peak hours,
the port operator tends to keep the DGs within the port microgrid shut
down and import power from the utility grid. However, when the market
price rises, the port operator starts to switch to the DGs and energy
storage system within the port microgrid to meet the port’s power

Fig. 5. Energy consumptions profiles for (a) CBQ and (b) the proposed
scheduling approach.
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Fig. 4. Power generation profile for (a) CBQ and (b) the proposed approach.

uling approach. The results of this analysis are given in Table 7. Note
that the emissions are calculated using the following equation [21]:.

EM, = (PR, (46)

where w, is the emission coefficient for different pollutants, P{* denotes
the auxiliary engine’s power rating for vessel i, R denotes the auxiliary
engine’s fuel consumption rate, * denotes the engine’s load coefficient.
In the following analysis, * is set to 0.5 and R4 is set to 0.211 kg/kWh for
all vessels [35].

Table 7 indicates that when there are no OPS installed (i.e., Case 1),
the overall handling time is 42 h. Since no OPS is installed at the berth,
the vessels have to use their onboard auxiliary engines using marine
diesel fuel, which results in large amounts of greenhouse gas and air
pollutants, such as COj3, SOz, NOx, and PMs. When the terminal is
partially covered with OPS as in cases 2 and 3, we can observe that the
total handling time slightly increases (from 42 h to 43/44 h) as the
berthing allocation needs to take the shoreside OPS capacity and vessel
power demand at berth into account. Since some berths are not equip-
ped with the OPS facility, the port operator has to delay the operations of
certain vessels to assure the vessels can depart on time and sufficiently
utilize the OPS resource while at berth. Meanwhile, it is clear to see that
the emissions start to decrease as the power demands of vessels are being
met by the shoreside electricity. More specifically, the CO3, SO3, NOy,
PM;, and PM; 5 pollutants are lowered by roughly 43%, 26%, 7%, 21%,
and 21%, respectively. This improvement demonstrates the effect of OPS
on emission reduction.

When we further increase the coverage of OPS in Case 4 and Case 5 to
the extent that every berth is equipped with an OPS facility, it can be
observed that the total handling time remains at 43/44 h. Due to the
increased use of OPS, the emissions significantly declined. Compared to
Case 1, the CO3, SOy, NOy, PM;(, and PM; 5 pollutants are lowered by
roughly 85%, 94%, 99%, 99%, and 100%, respectively. This shows that
when a terminal is fully covered with OPS, the greenhouse emissions
and toxic air pollutants can be significantly curbed, and some are
eliminated. In Case 6, we consider the case where all the berths are
equipped with OPS facilities of the maximum capacity (2 MW) that can
satisfy the individual power demand of all incoming vessels. While such
a case could be potentially expensive for the port entity to install and
maintain, we can observe that it offers the best operation efficiency and
emission reduction. The total handling time is 42 h, suggesting that as all
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the berths are covered with the maximum OPS capacity, the berth
allocation is no longer constrained by the compatibility of shoreside and
onboard power ratings, assuring the operation efficiency. Meanwhile,
similar to Case 4 and Case 5, Case 6 provides excellent emissions
reduction.

Finally, we analyze the energy consumption as well as the costs
associated with the OPS facility. Table 7 shows that as the coverage of
OPS increases, the energy consumption also increases. Note that the OPS
energy consumption in Case 6 is lower than in Case 4 and Case 5, which
can be attributed to the shortened total handling time. When the vessels
spend less time at berth, it is reasonable to expect a decreased OPS
consumption. We can observe a similar trend for the OPS operation cost:
when more berths are equipped with OPS installations, more electrical
energy is consumed, leading to a higher operation cost.

Based on the above analysis, it is evident that from the scheduling
perspective, installing sufficient capacity OPS facilities at all berths
could effectively curb the emissions level for a terminal without inter-
fering with the vessels’ cargo handling operations. However, this may
represent significant investment challenges to the port entity due to the
large capital cost associated with the high-capacity OPS facility
deployment.

5. Conclusions and Future work

This paper presented a novel two-stage day-ahead scheduling
approach to jointly optimize the terminal operation and port microgrid
energy management in the context of the ever-increasing electrification
of port energy infrastructure. The proposed approach enables the port
operator to decide the berthing time, berthing location, and quay/yard
equipment assignment for the arriving vessels in the first stage. In the
second stage, the port operator determines the optimal scheduling of the
port microgrid with the incorporation of OPS to optimize the port’s
energy performance. Simulation results highlight the advantages of the
proposed approach compared to the conventional terminal operation
scheduling strategy that entirely relies on the utility grid. More specif-
ically, we have shown that the proposed scheduling approach is capable
of harnessing the latest OPS and microgrid technology for improved
operation efficiency, lowered electricity bills, significantly reduced
emissions, and complete energy independence. Furthermore, we have
analyzed the impacts of OPS capacity and coverage rate on the sched-
uling performance. Simulation results have shown that a port can
operate more effectively when all the berths are equipped with OPS
facilities with sufficiently large capacities. Our work is one of the pio-
neering efforts to show that smart energy technologies can be deployed
in the maritime environment to advance the operation of maritime
transportation systems. We hope the presented research provides in-
sights into how electrification can help the maritime sector and other
traditional energy-intensive and heavily polluting industries reinforce
their commitment to sustainability while remaining competitive.

Future studies can extend the research presented in this manuscript
to evaluate the most cost-effective configuration of the port microgrid to
support the incorporation of OPS. Furthermore, one can also study the
optimal voyage planning, with the joint operation of port microgrid and
OPS taken into account, to determine the fastest and most economically

Table 7
Impacts of OPS installation.
OPS capacity Total handling OPS energy consumption OPS CO, SO, NOyx PM;o PM, s
(MW) time (h) (MWh) operation (kg) (kg) (kg) (kg) (kg)
cost ($)
Case 1 0/0/0/0/0 42 0 0 2860.4 0.31 43.087 1.267 1.267
Case 2 0/0/1/1.5/2 43 6.12 1603.27 1624.82 0.23 39.433 1.004 0.984
Case 3 0/0/2/2/2 44 6.23 1613.17 1637.38 0.24 40.002 1.007 1.097
Case 4 1/1/1/1.5/2 44 10.16 2763.562 479.224 0.0244 0.158 0.00448 0
Case 5 1/1/1.5/1.5/2 43 9.96 2703.27 448.251 0.0229 0.136 0.00418 0
Case 6 2/2/2/2/2 42 9.82 2693.27 423.635 0.0206 0.112 0.00377 0
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viable route from the port of origin to the destination.
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