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Abstract: The stringent emission rules set by international maritime organisation and European
Directives force ships and harbours to constrain their environmental pollution within certain targets
and enable them to employ renewable energy sources. To this end, harbour grids are shifting towards
renewable energy sources to cope with the growing demand for an onshore power supply and
battery-charging stations for modern ships. However, it is necessary to accurately size and locate
battery energy storage systems for any operational harbour grid to compensate the fluctuating power
supply from renewable energy sources as well as meet the predicted maximum load demand without
expanding the power capacities of transmission lines. In this paper, the equivalent circuit battery
model of nickel–cobalt–manganese-oxide chemistry has been utilised for the sizing of a lithium-ion
battery energy storage system, considering all the parameters affecting its performance. A battery cell
model has been developed in the Matlab/Simulink platform, and subsequently an algorithm has been
developed for the design of an appropriate size of lithium-ion battery energy storage systems. The
developed algorithm has been applied by considering real data of a harbour grid in the Åland Islands,
and the simulation results validate that the sizes and locations of battery energy storage systems
are accurate enough for the harbour grid in the Åland Islands to meet the predicted maximum load
demand of multiple new electric ferry charging stations for the years 2022 and 2030. Moreover,
integrating battery energy storage systems with renewables helps to increase the reliability and defer
capital cost investments of upgrading the ratings of transmission lines and other electrical equipment
in the Åland Islands grid.

Keywords: battery energy storage system; battery sizing; distributed generation; emissions; harbour
grid; renewable energy sources

1. Introduction

Global trade proceeds to a large extent by the utilization of marine ships [1]. These marine
ships can be considered as moving power plants, and their power capacity varies in the range
of tens of megawatts [2]. Traditional ships mostly operate on fossil-fuels and create a significant
amount of toxic emissions and air pollutions [3] during navigation and when staying at ports [4].
The international maritime organisation [1] and EU directives [5] have set targets and goals to limit
environmental pollution and encourage cleaner sources of power generation for ships as well as
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harbours. Conventionally, an auxiliary diesel engine generates electricity for ship services while
staying at harbours. However, at present, an onshore power supply/cold-ironing is a preferred solution
for ships to shut down their diesel engines at harbours to fill the requirements of strict emission
regulations and make ports free from greenhouse gases [5,6]. Due to environmental reasons and new
emission regulations, the power systems of ships and harbours are also shifting from non-renewable to
renewable-based power generation. This will lead to the increased installation of renewable energy
sources (RESs) and battery energy storage systems (BESSs) at ships and harbours [7]. At present,
distributed generation (DG) is used to deploy electrical energy, especially from RESs, and is available
in different forms and different scales, from the micro-scale to large-scale [8]. Wind and photovoltaic
energy sources are gaining prominence, especially in harbour areas, to cope with the growing demand
of modern hybrid and fully electric ships and ferries requiring an onshore power supply as well as
charging stations. The integration of RESs into the harbour grid can be beneficial to avoid the expansion
of the existing electrical network while supplying the additional power demand [2].

The modern ships operate either fully on electricity or with hybrid solutions and require their
BESSs to be charged either from shipboard power systems or harbours. The all-electric ships [9]
and all-electric hybrid vessels [10] require energy saving, energy efficiency and energy management
systems for their integrated shipboard power system with the application of advanced power electronic
converters [11], RESs and BESSs. The operation of the shipboard power system is also critical and
prone to some technical issues regarding power quality [11] and power system protections [12];
therefore, BESSs are useful to mitigate power quality and reliability issues. Alternative harbour grid
configurations have been proposed for the slow and fast charging of batteries for electric/hybrid
vessels [13]. Modern ships require infrastructure in ports and harbour grids to be upgraded in order
to facilitate the use of electric ships, enable the participation of harbour area microgrids in electricity
markets [14,15] and benefit from the Internet of Maritime Things [16]. Therefore, the concepts of smart
ports [17], wise ports [18], green ports [19], zero-emissions ports [20], and harbour area smart grids [4]
deal with the design, operation and control of modern ports in such a way as to encourage power
generation from renewables, manage and control power flow with flexible loads, and for charging
and discharging the batteries at harbours [2,15]. Moreover, modern ports are not only consumers of
electricity but also prosumers [21], using local generation from renewables to store energy and supply
to the main grid if needed. However, intermittent power generation from renewables is a critical issue
for the reliable operation of harbour grids; therefore, BESSs play a crucial role in balancing the power
generation and demand by charging and discharging whenever needed, thereby providing flexibility
in the power supply [22]. In order to utilise BESS efficiently, the challenging task is to optimally
design the size and location of BESSs while keeping the future integration of RESs and load demand in
mind [23,24]. In this way, the locally generated electricity from RESs could balance the load demand
and power supply without expanding the power capacity of the overall network. At the same time,
the future harbour grids could also anticipate a liberalised energy market to supply surplus power to
utilities. In order to achieve the above-mentioned goals, an appropriate size of BESSs is required to
be located at certain substations near harbours so that the power required at any substation could be
uninterruptedly supplied.

Although the integration of RESs and BESSs has been considered by many researchers for
shipboard power systems—although very few researchers have dealt with harbour grids—as depicted
in Table 1, no researchers have considered the sizing and locations of BESSs for harbour grids while
considering the integration of RESs and electric ferry charging requirements. The main contribution
of this paper is to develop an algorithm which defines the proper size and power capacity of BESSs
for any operational harbour grid planning for integrating RESs and electric ship and ferry charging
stations locally without the expansion of the power capacity of transmission lines and other grid
components. To the best of the authors’ knowledge, and according to the literature surveyed so far,
this is the first attempt to size and allocate BESSs on larger scale for any harbour grid, planning for the
integration of a huge amount of RESs. In order to examine the proposed methodology, a real-world
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system—the Åland Islands power system—is considered as the test case. On this basis, two future
case studies are modelled in the Power Systems Computer-Aided Design (PSCAD) software, which
plans a significant amount of RESs for the two horizon years of 2022 and 2030. The maximum loadings
with a minimum integration of renewable power generation for the years 2022 and 2030 are taken
as base cases, keeping future predictions in mind. The base cases are simulated in PSCAD without
BESSs under maximum loading and minimum generation for the years 2022 and 2030. The simulation
results are compared with the base case studies and validate that the batteries are accurately sized and
located at a proper location to avoid the expansion of the power capacity of the transmission lines,
transformers, and other protective electrical equipment in Åland’s electrical network.

Table 1. Taxonomy of literature review. PV: photovoltaic; BESS: battery energy storage system.

Ref. Year Wind PV BESS
Onshore

Power
Supply

Battery-Charging
Stations for

Vessels

Port as
Energy
Market

Sizing of
BESS

Allocation
of BESS

Harbour
Grid/Port Power

Systems

Shipboard
Power

Systems

2 2019 7 7 7 7

3 2017 7 7 7 7

6 2013 7 7 7 7 7 7 7

10 2018 7 7 7 7 7 7 7 7

12 2019 7 7 7 7

13 2019 7 7 7 7 7 7

14 2019 7 7 7 7 7 7 7

16 2015 7 7 7 7 7

17 2016 7 7 7 7

19 2012 7 7 7 7 7

20 2017 7 7 7 7 7 7

The rest of the paper is organised as follows. Section 2 provides insights for utilising lithium-ion
(Li-ion) batteries for stationary applications, shows the importance of modelling their performance
characteristics accurately, and explains the methodology of developing an algorithm for the proper
sizing and location of BESSs on different substations of harbour grids considering RESs. Section 3
investigates the impacts of the proposed methodology, analyses the results for two different horizon
years, and discusses the main findings and challenges in designing and allocating BESS at proper
substations; finally, Section 4 presents the conclusions and future work.

2. Proposed Methodology for BESS Sizing and Allocation

Modern power systems are rapidly changing with the increased penetration of RESs and
transportation electrification, including in the marine sector. Under such circumstances, BESSs play
an important role in providing short-term flexibility for various stationary grid applications. It is
necessary to understand and analyse the effects of such architectural changes on the stability and
reliability of the grid. Considering the inherent characteristics and cost economics of BESSs, defining
the role of BESSs and their sizing is essential. In this paper, a methodology is proposed for BESS sizing
and allocation to mitigate line congestion (leading to capital deferral) for harbour grids. Figure 1
provides an overview of the technologies included in the study. Renewable energy sources such as
photovoltaic (PV) and wind energy and the load consumption arising from ferry charging stations,
residential consumption, and other related harbour loads are considered in the study. BESSs act as the
main flexibility resources in the system. This section provides an overview of the characteristics and
performance of Li-ion batteries, defining their capability to act as short-term flexibility resources in
smart grids. It also explains the reason for accurately modelling Li-ion battery behaviour, by means of
an equivalent circuit battery modelling methodology due to its highly non-linear voltage and current
characteristics. This is followed by an algorithm which was developed to size and allocate BESSs
for the stable operation of weak grids or harbour grids, catering for changes caused by increased
renewable energy penetration and load consumption changes.
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2.1. Lithium-Ion Batteries

The large-scale integration of renewables and low-emission energy sources at all voltage levels—i.e.,
high, medium and low voltage—has followed a rising trend. Integrating such a large amount of
variable and usually low-inertia renewable energy sources has significant impacts—predominantly
voltage and frequency instabilities—compared to traditional centralized power systems. Due to these
changes and effects, there is an increasing need for various type of energy storages for applications
with different time-scales. For flexible energy needs, the interest in rapidly controllable Li-ion BESSs
has increased due to their technological advancements and decreasing costs. The accurate modelling
of battery packs for stationary energy storage grid applications has been minimal, as the majority of
the literature considers battery systems as an ideal DC voltage source [25] or utilizes mathematical
modelling techniques. Mathematically based kinetic battery models (KBM) were first proposed in [26]
for lead-acid batteries. Modified KBMs [27] are widely used to simulate Li-ion batteries for smart grid
simulations. However, KBMs fail to address the non-linear characteristics of Li-ion batteries, which are
also affected by various operating conditions such as their State-of-Charge (SoC), temperature, current
rate, and age.

Physics-based electrochemical models [28] are suitable to model the internal behaviour of the cell
but involve a huge amount of mathematical computations, which makes them practically impossible
to be used for smart grid simulations. The integration of an equivalent circuit model (ECM) has been
presented for electrical vehicle propulsion in [29], considering SoC as the only impactful parameter.
The ECM presented in [30] shows the battery characteristics of an electric vehicle with respect to aging
under the World Motorcycle Test Cycle for electric vehicle battery characterization, tracking the internal
resistance with one resistive–capacitive (RC) branch. The battery cell model, whose parameters are
concerned with physical phenomena such as the effects of SoC and temperature, is explored in [31].
Most of the ECM models of BESSs reported for power system simulations lack one or several affecting
parameters related to the performance of Li-ion batteries.

Battery design, sizing, the optimisation of control, and dispatch strategies are more likely to
succeed when they are based on more accurate BESS models. Also, there is an urgent need for accurate
battery performance models because modern battery management systems rely on such models to
track the key parameters of each cell and the whole battery energy storage system. In this paper, a
detailed ECM of Li-ion BESSs is presented, and secondly, the developed model is used to accurately
size a BESS for different locations and substations in the Åland Islands as a case study to avoid network
congestion and defer capital investments in terms of upgrading the network size.
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2.2. Modelling Lithium-Ion BESS

Their ability to react quickly, as well as their higher energy and power density, longer cycle and
shelf life, low rate of self-discharge, high round trip efficiency and improved safety performance, have
meant that Li-ion BESSs have been favoured for stationary grid applications. Li-ion BESSs are capable
of acting as flexible energy sources and provide multiple technical ancillary services such as load
levelling, peak shaving, islanding/microgrid operation, black start support, network loss minimization,
frequency support, and voltage regulation.

Li-ion batteries are intercalation-based energy storage systems which operate as a closed system [32]
with very few measurable state variables, making it difficult to properly monitor the states of the
battery and maintain safe operation. Voltage, current and temperature measurements are typically
used to determine or estimate all other parameters of the battery—typically its SoC and state-of-health.
Therefore, it is necessary to understand and precisely model the behaviour of the BESS under various
operating conditions.

The Thevenin-based second-order equivalent circuit (SOEC) model is a versatile technique,
as it successfully emulates model parameters such as the multi-variable SoC, charge-rate (C-rate),
temperature, hysteresis effects, self-discharge and battery aging. SOEC is considered as the benchmark
model for Li-ion batteries, as it depicts the charge transfer, diffusion and solid electrolyte interface
reactions in the form of resistors and capacitors. The SOEC battery model presented in [33] is based on
time domain measurements from hybrid pulse power characterization tests, whose performances are
affected by the SoC, operating temperature, C-rate and aging of BESSs. Therefore, the developed SOEC
model presents a perfect balance between the accuracy and complexity of battery modelling. Figure 2
shows the proposed dynamic equivalent circuit model for a nickel–cobalt–manganese-oxide (NMC)
type Li-ion battery cell. The Open Circuit Voltage (OCV) is modelled as an ideal voltage source, and
the internal resistance is modelled as Ri. Two RC combinations are suggested for modelling the Li-ion
battery cell, meaning that the dynamic behaviour is modelled as R1, C1, R2 and C2. The hysteresis
effect and polarization effect in the Li-ion cells can be simulated accurately enough with the two RC
combinations, and the model structure is simpler compared to more RC combinations. As the actual
behaviour of the NMC battery cells is significantly non-linear, all the parameters vary with the SoC,
temperature, age and history (number and depth of cycle) of the cell. OCV, Ri, R1, C1, R2, and C2 are the
parameters obtained from the experimental characterization of the lithium-ion battery cell at various
SoCs (100% to 0% with a step of 10%), temperatures (15 ◦C, 25 ◦C, and 45 ◦C), C-rates (1C, 2C and 3C)
and cycle ages (0, 100, 500, 1000, 1500, and end of life). V refers to the battery cell terminal voltage.Energies 2020, 13, x FOR PEER REVIEW 6 of 23 
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Figure 3 provides a comparison between the simulated and experimental discharge voltages at
different aging levels of the NMC battery cell, at a 25 ◦C and 3C discharge rate, that were recorded as a
result of accelerated aging tests. The mathematical representation of the output voltage characteristics
for the second-order ECM is given in [33], and the SoC is estimated by the coulomb counting
method [34].
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Figure 3. Comparison between simulated and experimental cell discharge voltages with different
aging intervals.

The mean relative error was less than 2% for the majority of the discharge cycles, but in some
cases (especially at higher aging), the error was greater than 5% towards the end of discharge. It
is evident that the overall discharge capacity reduces with aging, which in turn reduces the overall
discharge time. The performance of Li-ion BESS changes drastically with aging; thus, the overall
discharge energy from the batteries reduces with aging. Predicting the accurate state of energy (SoE) of
batteries will aid in the improved design of battery management systems (BMSs) and their respective
energy management systems (EMSs). In this study, batteries were considered at their beginning of life
to derive the battery size for harbour area smart grids. Hence, modelling the aging characteristics of
batteries is a critical task for smart grid applications, because the energy/power status of the BESS is
required in order to consider its capability for supplying active power (P) and to provide ancillary
services such as frequency support or peak shaving.

2.3. Lithium-Ion BESS Grid Integration

A typical topology for the integration of BESS in utility grid applications is presented in Figure 4,
which is deployed as a reference for the battery sizing algorithm presented in the next subsection.
The nominal BESS voltage (VDC,BESS) is considered as 600 V, which is connected to the DC bus. The
DC/AC converter connected with the DC bus converts 600 VDC power to three-phase, 400 VRMS AC
power. In the Åland Island case, the voltage will be boosted to a 10 kV level by means of a three-phase
transformer. The allocation of BESSs in the substation is designed from the voltage, current and power
flow data obtained from PSCAD EMT simulations. Results from the simulation provides data input on
loading information of each power transmission line and the status (i.e., voltage levels and current
flows) at every operational substation.
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2.4. Battery Sizing and Allocation Algorithm

Figure 5 provides a methodology of Li-ion BESS sizing for weak networks/harbours in order to
integrate more electric ferry/ship charging stations and RESs. The proposed methodology has been
employed in the Åland Islands to reduce or eliminate network congestion and capital investment to
upgrade the existing power transmission lines by installing BESSs at critical locations. The line current
data obtained from the base case studies of PSCAD simulations are the primary input for this algorithm.
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The line current (I,LINE) along with the maximum line current capacity (IMax) for each transmission line
of 45 kV are provided as input to the algorithm. If ILINE < IMax for a certain transmission line, then the
power transmission line is not under congestion.
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Figure 5. Battery sizing and allocation algorithm. ECM: equivalent circuit model. PSCAD: Power
Systems Computer-Aided Design.

However, if ILINE > IMax, then that transmission line is under congestion, and there is a need for
the installation of BESS in the adjoining substation. Further, the relevant sizing of the Li-BESS for
grid applications is imperative considering its economic and environmental burden for a project. The
battery cell ECM model aids in the accurate sizing of BESSs for power grid applications. In the later
part of the algorithm, The BESS AC voltage (VAC,BESS) is given as an input to calculate the BESS AC
power (PAC,BESS). In the next step, DC power requirements from BESS (PDC,BESS) are computed by
providing the converter power conversion efficiency, η (95%)as an input. Further, the required BESS
nominal voltage (VDC,BESS) and PDC,BESS are given as inputs to the developed ECM model. Based
on the project requirements, performance-affecting parameters such as the temperature, SoC, age,
and current ratings are introduced in the battery model. Based on VDC,BESS and PDC,BESS, the battery
size at a particular substation is calculated. The parameters of the battery size include the number of
series cell connections (Ns) to attain the required nominal voltage levels and the number of parallel
string connections (Np) to obtain required current-carrying capacity, peak discharge power and energy,
nominal discharge power and energy characteristics, and nominal charging power requirements. The
algorithm then continues on to the next input ILINE until all the inputs are completed. By this method,
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the optimum Li-ion BESS size at the required substation is determined precisely. Further, the designed
BESS is allocated to the selected substations in the PSCAD model of the Åland Islands to perform EMT
simulations and record ILINE. In a case in which the transmission lines are still being overloaded (i.e.,
ILINE > IMax), the algorithm in Figure 5 will be reiterated until the right BESS size is obtained.

3. Numerical Studies

This section introduces a real-world test case of a harbour grid in the Åland Islands, which has
been simulated by considering future targets of integrating more electric ferry/ship charging stations
and RESs with the utilization of BESSs for the years 2022 and 2030. The simulation results and a
discussion of the findings are also given in this section.

3.1. Real World Test Case

The geographical location of the grid structure of the Åland Islands, located in the Baltic Sea in
Finland, is shown in Figure 6, and a simplified single line diagram is shown in Figure 7. There are
two power transmission lines of 110 kV supplied from Senneby (Sweden) and Nådendal (Finland). In
addition to the 110 kV transmission lines, two other power transmission lines of 45 kV are supplied
from Båtskär (wind park) and Gustavs (Finland). Senneby is an HVAC (high voltage alternating
current) transmission line, which is the main power supply for the whole network, whereas Nädendal
is an HVDC (high voltage direct current) transmission line, which is used as a backup power supply
for the network. Bätskär and Gustavs have weak grid connections because of the intermittent nature of
the power supplied from wind power generation. The Föglö substation is currently not operational,
but keeping in mind the future marine load demand and integration of renewables, it will be installed
between Svinö and Sottunga substations. Moreover, each 45 kV substation is also connected to a 10 kV
substation with step down transformer(s) of 45/10 kV to supply marine and other harbour loads. The
Åland Islands grid is a quite small and weak power system with many potential medium-size/small
harbour areas for future ferry/ship charging stations and the integration of a large amount of RESs.
Electric ferries are used for transportation between multiple islands. Typically, the Åland Islands grid
is supplied with power from Sweden and Finland. Åland’s power system has several substations with
different load requirements and the possibility of more than one topology for connecting one substation
to another substation. Regarding future load demand, Åland Islands stakeholders are planning to
integrate a large amount of renewables (photovoltaic and wind power) in the years 2022 and 2030
with targets to electrify transportation in the main island and between multiple islands. Therefore,
significant development in the power system’s infrastructure will be needed. This development
is considered in two phases for the years 2022 and 2030, which will encounter an increase in the
penetration of renewables as well as power demand from electric ferries/ships requiring an onshore
power supply and the recharging of on-board batteries at harbours.

To analyse the effectiveness of integrating BESS, the base case and two future case studies for the
years 2022 and 2030 have been simulated with the detailed simulation models developed in Power
Systems Computer-Aided Design (PSCAD). The base case simulation model considers the maximum
loading for the years 2022 and 2030, but without the integration of renewables and BESS, whereas
simulation models for the case studies for the years 2022 and 2030 consider the implementation of
BESS as well, and they present the effect of the integration of the minimum and maximum number of
BESSs on network topologies. The following subsections explain the simulation results obtained from
the base case, 2022 case, and 2030 case.

3.2. Simulation Results and Analysis

This section explains the results of base case studies without considering BESSs, and then compares
and analyses the results with the integration of BESSs in future case studies for the years 2022 and
2030. For each case study, radial and meshed network topologies have been considered, because the
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radial topology is the current operational scenario of the Åland Islands power system, and the meshed
topology, when compared to the radial, has generally following advantages:

(1) It is more resilient against faults (the electricity supply reliability is better, because customer
loads/generated power can be fed from two-directions instead of only one).

(2) The voltage level can be maintained more stably with a meshed topology in different distribution
network points (the DG hosting capacity can be typically increased with meshed topology).

However, protection is typically somewhat more complex with meshed than radial networks.

3.2.1. Base Case Studies for 2022 and 2030 without BESS

The base case is simulated to investigate the operation of the Åland Islands electricity network
for future predicted marine load demands for onshore power supply and ferry charging stations for
the years 2022 and 2030, but without integrating renewables and BESSs. This enables us to examine
which transmission lines and other electrical equipment, such as transformers and protective devices,
are overloaded. Since the focus of the paper is to design a BESS of a proper size and allocate it at the
required substations, only the details regarding the overloading of transmission lines and voltage levels
at all the substations of 45 kV are of interest in this paper. The power system in the Åland Islands is
operated typically as a radial network, with the following circuits breakers between the substations in
open positions: Västanträsk and Storby, Finby and Svinö, Svinö and Föglö, Norrböle and Mariehamn.

The minimum generation and maximum loading cases for 2022 and 2030 are considered in such a
way that power supplies from Bätskär and Nådendal are not operational in the simulation model. By
considering the above operational criteria along with the predicted load demand for the years 2022
and 2030, the basic single line diagram of the simulation model is shown in Figure 8. Thus, the current
operation of power system in the Åland Islands can form two possible islanded sections of the network
in radial topologies.

The estimated capacity of power generation from solar photovoltaic sources in 2022 is 33 MW by
3 MW equally at all 10 kV substations, and 30 MW of wind power at Tellholm substation, totalling
63 MW, whereas the estimated capacity of power generation from the integration of renewables in
2030 is 143 MW with reference to year 2022 by installing a photovoltaic source of 10 MW at Hellesby,
118 MW of wind power at Föglö and a 15 MW increase in the power capacity of wind power already
installed at Tellholm. A huge amount of power will be generated by RESs, which will replace the grid
power supplied from Senneby, Nådendal, and Gustavs substations. The base case simulation shows
that it is a challenging task to provide an uninterrupted power supply due to intermittent nature of the
power supply from renewables. Therefore, this provides a basis for the installation of a suitable size of
BESSs at suitable locations for efficient and stable grid operation. Moreover, the BESSs are supposed to
be charged in off-peak time, and especially from the local power generation from renewables, and
discharged whenever there is a peak load demand.

The detailed model of the Åland Islands’ electricity network is first simulated for the base case in
PSCAD without BESSs, and then the line currents along with their maximum current-carrying capacity
are fed to an algorithm developed in MATLAB/Simulink, which is used to accurately size the BESS as
described in Section 3. Moreover, some techniques are also adopted for controlling the reactive power
so that the voltage at different substations remains within the limits, as shown in Figure 9. However,
the current flowing for some lines exceeds the upper limits of the current-carrying capacity, as shown
in Figure 10. Therefore, BESSs have to be located in those substations to decongest the network and
reduce power losses and improve the system stability in the network. The following case studies for
the years 2022 and 2030 are carried out in the following subsections, which show that a BESS can
reduce the upper limits of the current-carrying capacity of those transmission lines.
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3.2.2. Case 1: Year 2022 with BESSs

In the case of 2022, a BESS has been integrated into two network topologies: one is the present
operating scenario—i.e., the radial network—and the other is a meshed network by considering the
upper islanded network supplied by Senneby. Figure 11 shows the radial network topology with the
total predicted increase in load demand of 21.2 MW with reference to the present-day load demand,
and this has been distributed at Mariehamn, Svinö, and Föglö substations. In this network topology,
the appropriate size of the BESS was found to be of 5 MVA each, and the strategic locations were at
Mariehamn, Norrböle and Föglö substations. Figure 12 illustrates the meshed network topology with
the same increase in load demand of 21.2 MW, distributed at Mariehamn, Svinö, and Föglö substations.
In this network topology, the suitable size of the BESS was found to be 2.5 MVA each, and the strategic
locations were at Mariehamn, Norrböle, and Föglö substations. Figure 13 shows the nominal voltage
profiles of 45 kV substations’ operating voltages without BESSs and with BESSs in radial and meshed



Energies 2020, 13, 317 14 of 23

network topologies. It has been verified that the voltage profiles have slightly improved with the
integration of BESS, and they are within the limits of ±10%.
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Figure 14 presents the nominal current-carrying capacity of transmission lines and the operational
currents of transmission lines without BESSs and with BESSs in radial and meshed network
topologies. The simulation results validate that all the transmission lines are now within their
nominal current-carrying capacity and none of the power transmission lines are overloaded.

3.2.3. Case 2: Year 2030 with BESSs

In the case of 2030, BESSs have also been located in two network topologies: one is the practical
operating scenario—i.e., the radial network—and the other is a meshed network by considering the
upper islanded network being supplied. Moreover, two islanded networks supplied from Senneby
and Gustavs have also been meshed in order to reduce the size of the BESS. Figure 15 shows the radial
network topology with the total predicted increase in load demand of 48.7 MW with reference to
the existing load demand, and this has been distributed at Mariehamn, Svinö, Föglö, Finby, Brändo,
and Kumlinge substations. In this network topology, the appropriate size and location of the BESS
was determined to be as follows: 20 MVA at Mariehamn substation, 7.5 MVA at Norrböle substation,
and 5 MVA at Föglö substation. Figure 16 illustrates the meshed network topology with the same
increase in load demand of 48.7 MW, distributed at the above-mentioned substations. In this network
topology, the suitable size and location of the BESSs was found to be 10 MVA each at Mariehamn and
Norrböle substations, and 5 MVA at Föglö substation. Figure 17 shows the nominal voltage profiles
of 45 kV substations and operating voltages without BESSs and with BESSs in radial and meshed
network topologies. The simulation results show that the voltage profiles have somewhat improved
with the integration of BESSs, and they are within the limits of ±10%. Figure 18 presents the nominal
current-carrying capacity of transmission lines and the operational currents of transmission lines
without BESSs and with BESSs in radial and meshed network topologies. The results verify that all
the transmission lines are now within their nominal current-carrying capacity and none of the power
transmission lines are overloaded.

3.3. Discussion

The findings of the present study suggest that weak electricity networks with multiple
medium-size/small harbour areas require more power and energy capacity to deal with the higher
power requirements of modern ships/ferries and other electrical loads at harbours. These higher
power requirements of charging stations in harbours can either be accomplished by additional power
supplied to harbour grids from the main grids or local power generated from renewables or BESSs.
The power system in the Åland Islands has a significant potential for generating electricity locally from
renewables and plans to integrate a certain amount of power from wind and photovoltaics sources in
2022 and 2030. This requires huge investments in network capacity enhancements to accommodate the
additional power capacity and will cause power fluctuations due to the penetration of renewable energy
resources which are intermittent in nature. Therefore, designing a relevant size and location of BESSs
is necessary for such a weak network consisting of a massive amount of renewable power generation
and electric ferry/ship charging stations. Short-term fluctuations are handled by the present-day Li-ion
BESSs, acting as flexible energy sources, and they store energy during off-peak hours, improving the
power quality and reliability of the network. This allows the shaving-off of peak loads in the network,
consequently reducing voltage drops across the network, and optimising the size and infrastructure
cost of passive components such as transformers, transmission lines, etc. This paper investigates
the technical advantages of the proper sizing and allocation of BESSs in harbour grids for the Åland
Islands’ power system. However, an economic analysis of the cost savings of transformers and other
equipment owing to the deferral of increasing power capacity against the net battery costs is beyond
the scope of the paper.
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The simulation results of the power system in the Åland Islands illustrate that designing a proper
size of BESSs and allocating them at appropriate substations can reduce the overcurrent flowing in
certain transmission lines as well as avoid the additional cost of increasing the current-carrying capacity
of transmission lines between Tingsbacka–Mariehamn and Tingsbacka–Norrböle. Besides this, Table 2
presents the transformers at various substations which need to be upgraded if BESSs are not installed
for the investigated case studies of the years 2022 and 2030. In order to avoid this upgradation of
transmission lines, transformers and other grid components, Table 3 summaries the required sizing
and appropriate locations of batteries for future case studies of 2022 and 2030. It has been found that
the meshed networks, as compared to currently operating radial network, can reduce the size and cost
of the BESSs. Besides this, the meshed network can change the operational paradigm by improving the
power quality and reliability of the harbour grid in the Åland Islands. However, the meshed networks
bring new challenges such as an increase in the complexity of the network and operation of protection
relays. The weak power system in the Åland Islands might be threaten power system transient stability
issues due to the outage of one of the renewable power plants integrated at one or several locations.
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Table 2. Transformer power capacity upgrades at various locations without BESSs.

Substation
Power Capacity of Transformer (MVA)

Upgrade Year
At Present Required in Future without BESS

Västantrask 5 6.3 2022
Söderby 5 6.3 2022

Föglö − 16 2030
Finby 6.3 10 2030

kumlinge 3 6.3 2030
Brändö 3 5 2030

Table 3. Sizing and Locations of BESS for 2022 and 2030.

Locations
Battery Size Required in 2022 (MVA) Battery Size Required in 2030 (MVA)

Radial Topology Meshed Topology Radial Topology Meshed Topology

Mariehamn 2.5 5 20 10
Nörrbole 2.5 5 7.5 10

Föglö 2.5 5 5 5

4. Conclusions

This paper has focused on the proper sizing and allocation of BESSs for harbours in weak power
systems which plan to integrate RESs and electric ferry/ship charging stations into an existing electrical
network. Since power from renewable energy resources is volatile, the accurate sizing and installation
of the BESSs at proper locations are necessary as they can reduce the peak load demand, avoid
the expansion of the existing capacities of transmission lines, and defer capital investment in other
electrical equipment. The maximum current-carrying capacity, along with the operational currents
in all transmission lines obtained from the simulation of the detailed PSCAD grid model, are fed to
the algorithm developed in MATLAB/Simulink to obtain a proper size of BESSs at suitable locations.
Moreover, the developed algorithm has been tested by taking existing original field data of the weak
power system in the Åland Islands, and the results validate that the size and locations of the BESSs are
accurate enough to cope with the maximum load demand considered in the case studies of 2022 and
2030 without overloading any transmission line. Congestions in the network as well as the upgrading
of network components (transmission lines, transformers, and protection schemes) for the future
scenarios of 2022 and 2030 could be avoided by integrating a suitable size of BESSs at certain locations.
The simulation cases with a minimum sizing of batteries can reduce the peak load demand of the
network, but the few line currents are near to the maximum allowed capacity limits. However, in
practical operating scenarios, the maximum sizing of batteries is required, and the simulation results
show that all the line currents are below the operating limits for every line.

The authors are interested in investigating other challenging tasks for future studies, such as
power system protection, which is typically more challenging in meshed networks. Besides this, the
power system in the Åland Islands might be at risk of transient stability issues due to the variable
nature of the new low-inertia renewable power plants integrated at one or several locations. Therefore,
in future, the power system stability and the role of BESSs in mitigating issues should be carefully
studied. In future studies, the effect of battery sizing and location, while considering accurate profiles
of power production from renewable energy sources, will be evaluated. Studies related to batteries at
different stages to evaluate the role of battery aging in designing control strategies of BESSs in harbour
area smart grids will also be considered for future research.
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Abbreviations

AC Alternating current
BESS Battery energy storage system
DC Direct current
DG Distributed generation
ECM Equivalent circuit model
KBM Kinetic battery model
Li-ion Lithium-ion
NMC Nickel–cobalt–manganese-oxide
PSCAD Power Systems Computer-Aided Design
PV Photovoltaic
RC Resistive–capacitive
RES Renewable energy source
SoC State of Charge
SOEC Second-order equivalent circuit
VSC Voltage source converter
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