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Abstract— Battery energy storage system plays an essential
role for optimally controlling and managing power of modern
harbour grids so as to support electric vessels requiring onshore
power supply and battery charging system. Designing an
appropriate size of battery energy storage system of any
harbour grid require precise data of power consumption as well
future planned load. This paper presents a practical approach
where a charge/discharge strategy is applied in such a way that
peak-load demand of harbour grid is shaved off by discharging
the battery during peak demand load and charging it during off-
peak load demand. A suitable battery energy storage system
along with its control algorithm is designed for Vaasa harbour
grid with the obtained real data of annual power consumption
and available power resources. Vaasa harbour grid model is
developed in MATLAB/Simulink and a control algorithm is
developed for the power flow to and from battery energy storage
system by charging and discharging through bi-directional dc-
de converter. The results show that battery energy storage
system is a suitable solution for harbour grids to cope with
growing demand of new electric ships optimally in harbour grid
without extensive renovation of the power supply
infrastructure.

Keywords— Battery energy storage system, Harbour grid,
Microgrid, Onshore power supply, Power control

I. INTRODUCTION

Seagoing vessels play a crucial role in global trade [1], but
mostly they employ cheap quality fossil fuel for power
generation from diesel engines onboard. The major issues
concerning modernizing these vessels are to reduce
environmental pollutions while maneuvering as well as
staying at berth [2], saving fuel, and increasing energy
efficiency [3]. These problems can be well tackled in harbours
with power being supplied from microgrid consisting of
renewable energy sources, and battery energy storage system
(BESS) in parallel with main grid power supply. In this regard,
the concept of harbour area smart grid (HASG) [4][5], has
been proposed recently in the literature, which can support
onshore power supply as well as charging of batteries for the
modern vessels [6].

The process of shutting down auxiliary diesel engines of
ships and obtaining an onshore power supply for the ships’
auxiliary services during a stay in port is historically termed
‘cold-ironing’ or ‘onshore power supply’ or ‘shore-to-ship
power’ [5][7]. The HVSC standard [8] has been developed
and unanimously adopted by world leading organisations,
namely the IEC, ISO and IEEE, for promoting shore-to-ship
power supply. Shore-to-ship power supply is an emerging
paradigm [9], and it has been observed that the shore-to-ship
power can reduce CO2 emissions significantly at harbours
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[10]. The European Directives also force the ships to use either
low-sulphur fuel for onboard power generation in vessels or
onshore power supply while staying at harbours to curb
greenhouse gas emissions, air and noise pollutions [11]. The
shore-to-ship power should be supplied by a near zero or
emission-free power generation sources and smart grids
having electric power generation from multiple renewable
sources (wind, photovoltaic, etc.) nearby harbours along with
utility power supply can provide economical as well as clean
energy for onshore power supply [4][12]. Moreover, use of
energy storage at harbours can reduce air emissions as well as
facilitate the power generation with respect to optimal load
scheduling [13][14]. A BESS employed by modern vessels
needs to be recharged after reaching a certain depth of
discharge. The concept of harbour area smart grid (HASG)
[4][5] and seaport microgrids [15] aims to coordinate multiple
renewable energy resources along with main grid supply to
optimally balance power and energy requirements of hybrid
and electric vessels requiring shore-to-ship power supply,
battery charging stations, and other necessary loads at
harbours.

There are several challenges for the HASG such as
balancing of power for the distributed energy resources
(DERs) inside the microgrid during grid-connected mode,
islanding detection of a microgrid, and smooth transition of
microgrid from grid-connected to islanded mode [16]. It is
also required to maintain the voltage and frequency for
onshore power supply according to the High Voltage Shore
Connection (HVSC) standards [8]. Besides these challenges,
harbours will require significantly higher amount of power
and energy consumption in future especially because of need
of onshore power supply, and battery charging stations of
modern electric ships. The power consumption and schedule
of each vessel arriving at and leaving from harbour is
different, therefore power and energy consumption of a
harbour can be optimized in such a way that peak-load load
demand can be shaved off. Thus, future harbour grids will
require suitable objective functions to design harbour grid in
such a way that losses are minimized, and the available
resources are operated and controlled efficiently and
economically. Therefore, it is necessary to design a harbour
grid optimally so that electric power and energy can be
efficiently utilised while managing electric power supply and
consumption according to the needs of harbour operations and
availability of renewable energy resources. The various types
of battery technologies, such as lead-acid, lithium-ion, and
redox-flow have been employed in various harbour grids
depending up on specific power and energy requirements load
profiles [17].



The objective of the paper is to develop a control algorithm
for battery energy storage system in harbour grids in such a
way that power and energy consumption can be economically
and efficiently fulfilled with the available energy resources.
Essentially the applied approach is suitable to avoid capital
cost of installing extra power system infrastructure in harbour
grids to meet the peak-load demand. As a case study the real
data from Vaasa harbour is applied which is currently being
renovated with shore-to-ship power supply available for a new
hybrid electric system based ferry Aurora Botnia. The
optimization target is achieved by developing a simulation
model of Vaasa harbour grid with hourly data of annual power
consumption of various loads and suitable optimization
techniques is applied to control the charge/discharge
characteristics of battery energy storage system. These
charge/discharge characteristics are decisive in designing a
proper size of battery energy storage system, reducing peak-
load demand of a harbour, avoid expansion of transmission
line. Thus, harbour grids behaving as a microgrid will have
more flexibility to manage power optimally in such a way that
exchange of power between ports and ships will also be
possible.

The rest of the paper is organised as follows. Section II
presents the detailed single line diagram of feeder topology for
Vaasa harbour grid connection. Section III provides a
methodology of developing a control algorithm for battery
energy storage system in Vaasa harbour grid which aims for
charging and discharging battery energy storage system based
on shaving off the peak-load demand while considering the
power constrains. A case study has been considered by
employing real grid data of hourly annual power consumption
of the secondary substations to control power and energy for
Vaasa harbour grid. The simulation results are discussed in
Section IV, and the conclusion is presented in Section V.

II. SIMULATION MODEL OF VAASA HARBOUR GRID

This section introduces the simulation model of Vaasa
harbour grid based on real data obtained from the local
distribution system operator Vaasan Séihkdverkko and
harbour operator Kvarken port of Vaasa. First, the detailed
single line diagram of Vaasa harbour grid topology is
presented and then based on that the Vaasa harbour grid model
is developed using MATLAB Simulink.

A. Vaasa harbour grid topology

The single line diagram in Fig. 1 shows the detailed feeder
topology of Vaasa harbour, where the power is being supplied
from Vaasa electric supply. The 20 kV medium voltage (MV)
main feeder named JO8 is supplied from the 110 kV
transmission grid through a primary transformer of 110/20
kV. This JO8 feeder supplies several secondary substations
named as 4697, 630, 666, 59, 55, and 8017. Now, the new
secondary substation named 4949 is under construction for
enabling the shore to ship power supply to the new hybrid
electric ferry. At present only this ferry is considered for shore
to ship power supply and maximum power demand is assumed
to be 2 MW, while the duration of shore to ship power supply
depends on the cruising schedules. In reality there will be four
connection points for the ferry in the quay, and interlocking
switch is placed in such a way that enables various ways of
docking with the integration of battery energy storage system
as shown in Fig. 1. This new hybrid electric ferry will travel
in the route between Vaasa and Umeé as shown in Fig.2
(Geographical map).

B. Simulation model in MATLAB Simulink

The single line diagram in Fig. 1 has been modelled in
MATLAB Simulink as shown in Fig. 3. The real data obtained
for each component such as for transformers, conductors
(cables), hourly load profile of each secondary substation has
been employed in the model. The new connection at 4949
secondary substation for Vaasa harbour grid will provide
shore to ship power supply to the new ferry which will have a
fixed schedule of arriving and leaving the seaports. Therefore,
keeping in view the schedule of new ferry, load profile for
onshore power supply at that node (4949) has also been
calculated and its data has been employed in the MATLAB
Simulink model. It has been observed that there is certain
time, where the peak-load demand is high and may not be
supplied with the current carrying power capacity of the MV
feeder and power transformers. Therefore to shave the peak-
load demand, a suitable size of battery is designed in such a
way that it charges during off-peak load demand and discharge
during peak-load demand. The bi-directional AC/DC
converter is connected in between AC bus of 0.69 kV and
battery energy storage system, which is used to
charge/discharge the battery depending upon power
requirements. Thus, the proposed methodology of controlling
the battery energy storage is based on real data of harbour grid
and the schedule of shore to ship power supply and it aims to
keep the power obtained from the grid within the capacity
limits by charging and discharging the battery.

III. THE PROPOSED METHODOLOGY

Vaasa harbour grid plans onshore power supply for new
ferry and the schedule of the vessels staying at seaports
determine the peak-load demand of harbour grids. This paper
aims to develop control algorithm for charge/discharge cycle
of the battery energy storage system for Vaasa harbour grid to
cope with peak-load demand economically. Moreover, power
and energy management of the harbour grids can be well
tackled by avoiding extra burden on the existing power
infrastructure such as: power cables and, power transformers.
First of all, the developed model is simulated in MATLAB
Simulink without designing the battery energy storage system
for it. Then it has been observed that the peak-load demand of
the harbour is higher than the existing rating of electrical
infrastructure, such as rating of the transformers and cables.
The mismatch of maximum load demand and normal ratings
of the equipment are decisive factor for designing an
appropriate size of the battery energy storage system.
Afterwards, the daily, weekly, monthly and yearly energy
demand of Vaasa harbour grid is calculated for determining
charge/discharge cycle of the battery. As the energy demand
is different at different time depending upon schedule of shore
to ship power, which varies at different days and season of the
year. Therefore, energy demand is decisive in
charge/discharge cycle of the battery energy storage system.
The size of BESS and charge/discharge cycle are considered
in such a way that the renovating of MV feeder is avoided and
the peak-load demand is met without violating HVSC
standard requirement of voltage limits.

The following equations are used to calculate the size of
the battery energy storage system:

Pgrid+Pbattery: Pdemand ( 1 )
Pdemand = PharbourtPs2s (2)
Constraint: Pgig <2.5 MW ?3)
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Fig. 1. Feeder topology of Vaasa harbour

Where Pgiq is power from the grid, Ppagery 1S power
supplied by the battery, Pgemand is total power demand at
harbour, Phaour 18 harbour load, and Pgs is shore to ship

power. The energy storage capacity for the battery energy
storage has been designed with the following constrains:

20%<SOC>100%  (4)
SOC<0.2C %)

The following flow chart in Fig. 4 shows the control
algorithm for an energy management system of the proposed
methodology. It shows that battery is charged between
20-100% whenever the power demand is less than grid power
and it is discharged whenever power demand is higher than
grid power and battery has state of charge (SOC) between ) .
20-100%. In all, other cases battery is in idle mode of Fig. 2. Ferry route of Vaasa-Umed
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Fig. 4. Control algorithm of energy management system

operation because it is recommended to not to discharge
lithium ion battery over 80% depth of discharge. The sizing of
battery energy storage has been designed in such a way that
battery is charged or discharged throughout the operation and
idle mode of operation is avoided especially when power
demand is higher than power being supplied by the grid.

IV. RESULTS

The simulation results are shown in Fig. 5, Fig. 6,
and Fig. 7. They are obtained by integrating proper size of
battery energy storage system into Vaasa harbour grid and
implementing charging and discharging the battery according
to the developed algorithm.

The Fig. 5 shows the grid power, load power and
battery power. The maximum load demand of Vaasa harbour
grid is 4 MW at certain times of the year depending upon
schedule of onshore power supply, whereas the harbour grid
has the limited power capacity of 2.5 MW from the grid.

Therefore, the extra power is being supplied by the battery in
such a way that peak-load demand of harbour grid is shaved
off. It represents that whenever the load demand is higher
than the grid power, then the battery power is being supplied
by discharging the battery. Whenever, the power demand of
the load is less than the grid power, then the battery is being
charged. Thus, the applied control algorithm performs well
and the net power, which is difference of grid power and
demand power is utilised in terms of charge/discharge cycle
of battery depending upon power requirement of harbour
grid.

The Fig. 6 shows the graph of state of charge (SOC)
and power being charged or discharged by the battery. It
shows that whenever battery is being charged, the SOC
increases, and the power is being absorbed by the battery as
shown negative power in the graph. On other hand, whenever
the battery is being discharged, the SOC decreases, and
power is being supplied by the battery as shown positive
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power in the graph. The battery is in idle mode of operation,
when SOC=100% and load demand is also less than the
power being supplied by the grid. It is also due to the fact that
the main objective of this research paper is to shave peak-load
demand and therefore this limits to further reduce the size of
battery energy storage system because of variable nature of
load profile. The battery energy storage system is designed in
such a way that it has also constant charging current so that
the idle time can be minimized as much as possible.

The voltages at secondary substations are also
within limits as described by the HVSC standards. It has been
observed that voltages at all the secondary substations are
within the specified limits at all over the year. Moreover with
the integration of battery energy storage system, voltage
profiles at all the buses have been further improved. The
results of voltage profile of two main buses (JO8 and 4949) in
per unit have been shown in Fig. 7 for the sample time of one
month.

The results are obtained by doing multiple
simulations in order to keep the idle time and size of the
battery as minimum as possible to cope with peak-load power
demand of harbour. However, the major concern was the
schedule of the ferries requiring suddenly high amount of
power in short interval of time. Due to this, the idle time and
size of the battery energy storage system can not be further
reduced.

V. CONCLUSION AND FUTURE WORK

This paper illustrated how the power and energy demand
of the harbour grid may vary at different time of the day,
different season of the year and so on. It mainly depends upon
the schedule of shore to ship power supply of the new hybrid
electric ferry. It might be challenging to cope with the high
power demand during peak-load of modern harbour grids with
the available electrical infrastructure. Therefore, battery
energy storage can play a significant role for stable and
reliable operation of the harbour grid. It has been concluded
through a case study of Vaasa harbour grid that capital cost on
electrical equipment such as transformers, cables etc. can be
avoided by employing an appropriate size of battery energy
storage system and power demand can be controlled by
charge/discharge cycle of battery energy storage system.
Thus, modern harbour grids in future can employ the proposed
methodology and control power and energy requirement with
the predetermined load profile data.

In future, the developed model can be utilised when
considering the integration of renewables and battery charging
system to the Vaasa harbour grid. Then the smart control and
optimisation techniques can be further developed to minimise
the operational cost of power consumption. The optimal
design of the battery storage device can be determined with by
employing some suitable decision-making model. This could
be achieved by integrating forecasting methods to anticipate
peak load periods. The trade-off between the size of the
battery and the profitability of the investment can also be
compared to the load peaks frequency.
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