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Abstract: The environmental sustainability of the battery-powered electric ferry (BEF) depends on
the share of renewable energy sources (RESs) in the power system. The BEFs impose significant load
on the power grid and it is challenging to achieve their sustainability in isolated energy systems
(IES), such as islands that have limited land available for integrating RESs. The proposed solution for
achieving the sustainability of BEF in such challenging environments is the integration of a standalone
onshore charging station (OCS) powered with a hybrid offshore RES. The nexus between the electricity
supply of the offshore photovoltaic (PV) and wind power systems and the electricity demand of BEF
can reduce the required capacity of the energy storage systems (ESSs) and improve the environmental
and economic performance of the standalone OCS. This study considered 45 standalone OCS scenarios
to select the share of the offshore RES that matches the BEF electricity demand and improves the
economic and environmental indicators of the standalone OCS. The model included characterisation
of the offshore RES electricity supply, BEF electricity demand, critical excess of electricity production
(CEEP), critical deficit of electricity production (CDEP) and costs. Simulations were conducted in
EnergyPLAN, which used a high-resolution spatiotemporal dataset (8784 h) for the Island of Cres
for 2030. The results confirmed that standalone OCS with the hybrid offshore RES provides a better
match with BEF electricity demand compared to the scenarios based on an individual offshore RES.

Keywords: electrification; battery-powered electric ferry; onshore charging station; offshore renewable
energy sources

1. Introduction

The battery-powered electric ships are regarded as energy-efficient [1] and environ-
mentally friendly solutions for maritime transportation [2]. The lithium-ion batteries are
the state-of-the-art technology for decarbonising short sea shipping [3]. However, the
carbon footprint (CF) of all-electric ships can be comparable to diesel-powered ships if the
electricity is generated using fossil fuels [4].

The standalone charging stations integrated with RES represent a sustainable charg-
ing solution for electric vehicles (EVs) [5]. The study by Eldeeb et al. [6] indicated that
deployment of the photovoltaic (PV) power systems and EV enable charging stations to
participate in the energy and EV arbitrage markets. The energy storage system (ESS) is
an alternative for retaining high dispatchable generation capacity and decreasing the vul-
nerability to periods of deficit of renewable electricity generation [7]. This technology is a
core component of the charging stations, taking up to more than 51% of the total power
system’s cost [8].

The hybrid PV–wind power systems have been proposed in the literature as solutions
for decreasing the variability and increasing the flexibility of RES generation [9–11]. The
study by Sterl et al. [12] demonstrated that hybrid PV and wind power systems can achieve
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a balanced power output and reduce ESS requirements. The study by Wankouo Ngouleu
et al. [13] demonstrated that PV/wind/ESS standalone hybrid system is a more reliable and
a cost-effective configuration for meeting the electricity demand. However, the proposed
hybrid PV–wind power systems are difficult to extrapolate to other sectors, because they
rely on case specific simplifications [14].

The spatiotemporal simplifications include relatively low temporal and spatial res-
olution as the average year is usually split in a low number of time-slices, while RES
generation is usually demonstrated on the national level [15]. On one hand, these sim-
plified approaches are reducing the modelling complexity to keep simulations computa-
tionally tractable [16], neglecting the nexus between RES electricity supply and electricity
demand within a smaller control zone such as BEF electricity demand. On the other hand,
references dealing with BEF set the analysis boundaries to the ship’s power system and
regularly underestimate the challenge of meeting the growing electricity demand of BEF
with insufficient RES power capacities.

A holistic approach that includes coupling of the PV and wind power systems to
match the electricity demand of the standalone OCS is required to minimise the periods of
excess or deficit in electricity production and improve the sustainability of the BEF. Such
an approach considers that standalone OCS powered with an offshore RES can ensure
sustainability of the BEF in energy challenging environment such as isolated energy systems
(IESs) of islands. The integration of standalone OCS powered with offshore PV and wind
power systems is desirable, but there is no clear model in the literature that demonstrates
an appropriate RES ratio for the electricity demand of BEF.

There is a need for a mathematical model that considers the synergy between offshore
RES and BEF to improve the environmental and economic sustainability of electric mobility
in maritime transport. This study proposes a method to determine an appropriate offshore
PV–wind power capacity ratio for different BEF charging cases. The novel contributions of
this study include a model of multi-energy standalone OCS that provides power supply
generated from an offshore RES to a BEF; acquisition and application of realistic high-
resolution spatiotemporal data; modelling of the electricity demand of the BEF and OCS
depending on the charging schedule; simulating the offshore electricity supply from 100%
PV, 100% wind and hybrid PV–wind power systems; and selecting the ratio of the offshore
PV and wind power systems for different BEF charging cases to improve the economic and
environmental performance of the BEF.

2. Materials and Methods

The EnergyPLAN [17] is an input–output model for simulating the hourly operation
of remote areas, islands, cities, regions and relatively small countries. In this study, En-
ergyPLAN was used to simulate the hourly operation of an IES, which includes a BEF
and a standalone OCS powered with offshore PV and wind power systems. The proposed
method makes a significant contribution towards improving the sustainability of the BEF
through the synergy between the offshore RES electricity supply and BEF electricity de-
mand. The input data for EnergyPLAN depend on the considered case study and include
weather condition data and operating schedule of the ro-ro passenger ships. However, the
method is general and can be applied to other cases and locations, allowing the inclusion
of other RESs if their integration is more appropriate for different weather conditions and
BEF electricity demands. The flowchart of the proposed method is shown in Figure 1.

The proposed model considered 2 BEF charging cases and 11 offshore RES power
system scenarios without and with ESS to determine the appropriate share of the offshore
PV and wind power systems for different BEF electricity demands. Therefore, 44 standalone
OCS scenarios (BEF) and a business as usual (ro-ro passenger ship with diesel engine)
scenario were analysed in total. These scenarios create a common ground for demonstrating
the nexus between offshore RES electricity supply and BEF electricity demand. The model
offers an opportunity to determine the share of offshore RES appropriate for the BEF
electricity demand, aiming to minimise the critical excess of electricity (CEEP) and critical
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deficit of electricity production (CDEP). Figure 2 shows the modelling diagram of the 100%
RES standalone OCS for BEF.
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2.1. Assessment of the Ro-Ro Passenger Ship’s Demand

A ferry’s operative speed usually differs from its design speed, vde (nm/h), because
ferries need to follow an operating schedule. The average operative speed of the selected
ferry, vave (nm/h), is determined as a ratio of the length, l (nm), and duration, t (h), of
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a one-way trip. The average main engine power, PME,ave (kW), can be calculated using
Equation (1) [18]:

PME,ave = (PME·0.8)·
(

vave

vde

)3
, (1)

where PME (kW) is the main engine power. The average auxiliary engine power, PAE,ave
(kW), is assumed to be 50% of the auxiliary engine power, PAE (kW). The average engine
power, Pave (kW), is calculated using Equation (2):

Pave = PME,ave + PAE,ave. (2)

The energy consumption of a ferry, EC (kWh/nm), can be calculated using Equation (3):

EC =
Pave

vave
. (3)

The total annual fuel demand of the ferry with diesel engines, Fdiesel (GWh/year), is
calculated using Equation (4):

Fdiesel = CF·SFC·
8784

∑
x=1

d(x), (4)

where CF is the conversion factor assumed to be 0.01163 GWh/t [19], SFC (t/GWh) is the
specific fuel consumption assumed to be 215 t/GWh [20] and d (kWh) is the hourly energy
demand of the ferry.

The battery capacity of the BEF, BCBEF (kWh), is increased by 65%, which enables
the state-of-charge (SOC) of the BEF to range between 20% and 80%, and ensures safe
navigation. The BCBEF can be calculated using Equation (5) [21]:

BCBEF = 1.65·EC·lRT , (5)

where lRT (nm) refers to the length of the round trip.

2.2. Assessment of the Offshore RES Power Supply

The installed power capacity of the offshore RES and their 8784 hourly electricity pro-
duction distributions are required for simulating the operation of the standalone OCS. The
total annual production, ETotal (GWh/year), is the sum of the hourly electricity production
of the offshore PV, eoffshore_PV (MWh), and wind, eoffshore_Wind (MWh), power systems:

ETotal =
n
∑

i=1
ERES,i = Eo f f shore_PV + Eo f f shore_Wind

= ∑8784
x=1 eo f f shore_PV(x) + ∑8784

x=1 eo f f shore_Wind(x).
(6)

The total annual electricity demand of the standalone OCS, DTotal (GWh/year), is the
sum of all its hourly electricity demands, dOCS (MWh):

DTotal= ∑8784
x=1 dOCS(x). (7)

The difference between the dOCS and eTotal determines the import and export of elec-
tricity according to the EnergyPLAN documentation [22], and can be calculated using
Equation (8):

If(eTotal − dOCS > 0) then eExport = eTotal − dOCS or else eExport = 0
If(eTotal − dOCS < 0) then eImport = dOCS − eTotal or else eImport = 0.

(8)
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In this study, the capacity values of the energy transmission lines were eliminated
to simulate the operation of the standalone OCS. The surplus of electricity production is
observed as CEEP and deficit of electricity production is observed as CDEP.

2.3. Economic Assessment of the Ship’s Power System and Offshore RES

The business as usual (BAU) scenario considered the investment cost, ICDF (EUR), of
the ferry with diesel engines, which includes the purchase of a new diesel engine. The
ICDF is calculated by multiplying the assumed conversion factor of 250 EUR/kW with
the PME. The operating cost, OCDF (EUR), of the ferry with diesel engines includes the
maintenance and fuel consumption costs. The annual maintenance cost can be calculated
by multiplying the ferry’s annual energy consumption with the specific maintenance cost
of 0.014 EUR/kWh [23]. The annual fuel consumption costs of the ferry with diesel engine
are calculated by multiplying the annual energy consumption of a ferry, SFC and projected
price of light fuel oil, which is assumed to be 20.5 EUR/GJ in 2030 [24]. The CO2 emission
costs were assumed to be 180 EUR/t for 2030 [25].

The calculation of the investment cost and operating cost of the BEF is based on the
characteristics of the selected battery. Approximately 45% of the investment costs of the
battery power system refer to the costs of the battery [26]. The total investment costs of a
battery power system, ICBEF (EUR), can be calculated using Equation (9):

ICBEF =
BCBEF·BP

0.45
, (9)

where BCBEF denotes the battery capacity calculated using Equation (5) and BP denotes
the lithium-ion battery price, which is assumed to be 180 EUR/kWh in 2030 [27]. The
maintenance costs of the ship’s power system with batteries refer to the battery replacement
costs during ferry’s lifetime. The annual electricity cost is calculated by multiplying the
annual electricity demand with the assumed electricity price. The investment cost, lifetime,
as well as fixed operation and maintenance costs of the offshore RES and ESS installed with
the OCS are presented in Table 1.

Table 1. Cost database of the offshore RES [28] and ESS [29].

RES
Technology Year Investment

Cost, EUR /kW Lifetime, Years
Fixed Operation and

Maintenance Cost, % of
Investment

Wind 2030 1990 [28] 30 1.9
PV 2030 690 [28] 40 1.28
ESS 2030 250 [29] 15 2

3. Case Study

The high resolution datasets (8784 h) of the offshore RES electricity supply and electric-
ity demand of the BEF were calculated for a ro-ro passenger ship that connects the Island
of Cres with the Island of Krk (Figure 3).
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Figure 3. Location of the Croatian ferry route [30].

Technical characteristics of the ferry are acquired from the Croatian register of ship-
ping [31], while its operating schedule is obtained from Jadrolinija d.d. [32]. The average
price of diesel fuel in Croatia was assumed to be 1.77 EUR/L, while the average electric-
ity price in Croatia was assumed to be 0.078 EUR/kWh [21]. Figure 4 shows the hourly
electricity demand distribution of the BEF throughout the year.
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Figure 4. Hourly electricity demand of the BEF for 2030.

The analysis of the 24 h period of BEF electricity demand indicated two appropriate
BEF charging cases, whose characteristics are listed in Table 2.

Table 2. Characteristics of the BEF charging cases A and B.

BEF Charging Case A B

Description BEF charging to 80% SOC
after each round trip

BEF charging for 10 min after
each round trip and

slow-charging to 80% SOC
during the night

Required battery capacity, kWh 1524 8862
Battery lifetime, years 10 15

OCS charging power, MW 3 3
OCS charging capacity,

kWh/min 50 50

ESS capacity, MW 20 20

The hourly electricity demand of the OCS for BEF charging cases A and B for 2030
are determined according to the start and end dates of the off season, pre-season and
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high-season [32]. Figure 5 shows the 24 h period of OCS electricity demand distribution
of the BEF charging cases A and B for off season, pre-season and high-season operating
profiles.
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Figure 5. The 24 h OCS electricity demand of the BEF charging cases A and B.

Figure 6 shows the 8784 h period of standalone OCS electricity demand of the BEF
charging cases A and B.
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The Island of Cres and its environment have increased potential for integrating PV
and wind power systems [33]. In this case study, the scenario modelling considered that
the installed power capacity of each offshore RES units ranges from 0 MW to 10 MW with
a step of 1 MW. In the hybrid electricity supply scenarios, the total offshore RES power
capacity was assumed to be 10 MW to ensure at least 1 MW of the offshore PV or wind
power. The total offshore RES capacity was set to zero only in scenario 1 (BAU scenario).
Characteristics of the offshore RES electricity supply scenarios are presented in Table 3.

Table 3. Characteristics of the offshore RES electricity supply scenarios.

Scenario # Installed PV Power Capacity, MW
(Share of PV, %)

Installed Wind Power Capacity, MW
(Share of the Wind Power, %)

S1 0 (0%) 0 (0%)
S2 10 (100%) 0 (0%)
S3 9 (90%) 1 (10%)
S4 8 (80%) 2 (20%)
S5 7 (70%) 3 (30%)
S6 6 (60%) 4 (40%)
S7 5 (50%) 5 (50%)
S8 4 (40%) 6 (60%)
S9 3 (30%) 7 (70%)

S10 2 (20%) 8 (80%)
S11 1 (10%) 9 (90%)
S12 0 (0%) 10 (100%)

In 2018, the maximum solar irradiation on the Island of Cres reached the peak value of
1006 W/m2. Figure 7 shows the hourly solar irradiation distribution of the Island of Cres
that was obtained from Meteonorm [34] for the year 2018. A correction factor of 10% was
inserted into the EnergyPLAN to demonstrate higher energy conversion efficiency of the
offshore PV compared to the onshore PV power systems [11].
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Figure 7. Solar irradiation distribution of the Island of Cres for 2018.

The measurements of the wind velocities for the Island of Cres were obtained from
the Croatian Meteorological and Hydrological Service [35] for 2018. The offshore wind
velocities were determined by increasing the wind velocity measurements by 25% [36]. The
maximum offshore wind velocity for the year 2018 was 44.66 m/s. The hourly onshore and
offshore wind velocity profiles are shown in Figure 8.
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Figure 8. Hourly wind velocity profiles of the Island of Cres for 2018.

The hourly electricity production from wind turbines is calculated by interpolating
the offshore wind velocity measurements with the power curve data of the selected wind
power turbines. Figure 9 shows the power curves of the offshore wind turbines, which are
assumed to provide power supply to the standalone OCS installed on the Island of Cres.
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Figure 9. Power curves of the selected wind turbines for the OCS [37–39].

4. Results and Discussion

The analysis of the 44 standalone OCS configurations indicated the offshore PV and
wind power scenario that provide the lowest CEEP, CDEP and system costs for the BEF
charging case A or B. Figure 10 shows the SOC of the BEF during the 24 h period for the
BEF charging cases A and B.

The comparison of the annual costs of the ship’s power system with diesel engines
and batteries is presented in Table 4.

The analysis of the offshore RES potential confirmed that the variability in the solar
and wind energy demonstrates an inverse correlation for the Island of Cres. Wind energy
has the highest monthly energy yields during winter, while solar energy has the highest
monthly energy yields during summer. The analysis of the 24 h period of the wind velocity
and solar irradiation profiles indicated that wind velocity is higher during the night and
lower during the day (especially during summer), while solar irradiation occurs only
during the day.
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Figure 10. The 24 h period SOC profile of the BEF charging cases A and B.

Table 4. Comparison of the annual costs of the ship’s power system with diesel engines and batteries.

Ship’s Power System Diesel Engine Battery (BEF
Charging Case A)

Battery (BEF
Charging Case B)

Diesel fuel costs, EUR 1,688,000.00 0 0
Electricity costs, EUR 0 292,500.00 292,500.00

CO2 emission costs, EUR 450,000.00 0 0
Fixed operation and

maintenance costs, EUR 131,000.00 40,640.00 129,976.00

Annual investment costs, EUR 16,400.00 20,320.00 129,976.00
Total annual costs, EUR 1,836,551.36 353,460.00 552,452.00

The following section demonstrates the results of coupling the BEF charging cases
A and B with the considered offshore RES electricity supply scenarios and indicates the
appropriate PV/wind ratio for the standalone OCS. Figure 11 shows the values of the
CDEP in the BEF charging cases A and B with and without ESS. It should be noted that
CDEP for scenarios 2 and 12 are not visible in Figure 11 because the CDEP values are
relatively low. The electricity supply scenario 6 (60% PV and 40% wind power capacity)
provided the minimal value of the total annual CDEP of 581.21 MWh in the BEF charging
case A. This confirmed that standalone OCS opts for higher PV ratio in the electricity mix
when the BEF is charging after each round trip. The electricity supply scenario 9 (30% PV
and 70% wind power system) provided the minimum value of the total annual CDEP of
1024.07 MWh in the BEF charging case B. This indicated that standalone OCS opts for
higher wind power ratio in the electricity mix when the BEF is charging during the night.
The total annual CDEP was eliminated in the hybrid offshore RES power system scenarios
with the ESS, while in the boundary scenarios 2 (100% PV) and 12 (100% wind), the CDEP
significantly reduced. The CDEP in the BEF charging case A decreased to 3660 kWh in
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scenario 2 (100% PV) and 2196 kWh in scenario 12 (100% wind), while in the BEF charging
case B, it decreased to 732 kWh and 2196 kWh, respectively.
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Figure 11. The annual values of the CDEP in BEF charging cases A and B.

Figure 12 shows the total annual CEEP for the considered electricity supply scenarios
and BEF charging cases A and B with and without ESS. In both the BEF charging cases,
minimum total annual CEEP occurred in the electricity supply scenario 2 (100% PV and 0%
wind power system capacity), because the electricity generation from the PV power system
is lower compared to the wind power system with an installed power capacity of 10 MW.
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Figure 12. Total annual CEEP in the BEF charging cases A and B.

Figure 13 shows the annual investment costs, fixed operation and maintenance costs,
as well as the CDEP costs for the BEF charging cases A and B with and without ESS.
The integration of the ESS increased the annual investment costs, fixed operation and
maintenance costs of the standalone OCS, but eliminated the CDEP costs in all hybrid
offshore PV–wind power system scenarios.

The economic assessment of the standalone OCS in this study is focused on the costs
related to the BEF and offshore RES. The costs related to the OCS such as investment cost,
maintenance cost and replacement costs were not considered in this study, because these
costs are equal in the BEF charging cases and offshore RES electricity supply scenarios.
Nevertheless, the results of the standalone OCS simulations confirmed that adjusting of the
offshore PV–wind power ratio can improve the techno-economic performance of the IES.
Figure 14 shows the total annual costs of the IES for 44 simulated combinations of the BEF
charging cases and offshore RES electricity supply scenarios.
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Figure 13. Annual costs of the IES for BEF charging cases A and B.
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Figure 14. Total annual costs of the IES for the BEF charging cases A and B.

The appropriate standalone OCS scenario is selected based on the nexus between BEF
and offshore RES, where one of the main conditions for ensuring feasibility is that the
integrated ESS needs to eliminate the CDEP. Bearing in mind that ESS did not manage
to eliminate the CDEP in the boundary electricity supply scenarios, the combination of
the electricity supply scenario 3 (90% PV and 10% wind power ratio) with ESS and BEF
charging case A were selected as the appropriate scenario matrix. This configuration
eliminated the CDEP, while providing the lowest total annual costs and CEEP. The average
monthly values of the OCS electricity demand, offshore RES electricity supply, CEEP and
CDEP for the electricity supply scenario 3 and BEF charging case A are shown in Figure 15.

The average monthly OCS electricity demand for case A is represented with the red
curve. The peak OCS electricity demand of 363.07 MWh/month occurred in July and
August, because the BEF navigates according to the high season operating schedule. The
CDEP (grey curve) reduced to zero throughout the year with the integration of the ESS
to the standalone OCS. The total annual costs of the appropriate scenario matrix, i.e., the
BEF charging case A and electricity supply scenario 3, are estimated to be 667,000.00 EUR.
Table 5 shows the annual costs of the appropriate IES scenario configuration.
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Figure 15. Average monthly values of the OCS electricity demand, offshore RES supply, CEEP and
CDEP of the electricity supply scenario 3 and BEF charging case A.

Table 5. The annual costs of the appropriate IES scenario configuration.

BEF Charging Case A

Electricity supply scenario Scenario 2
Investment costs of the BEF, EUR 20,320.00

Investment costs of the PV power system, EUR 155,000.00
Investment costs of the wind power system, EUR 66,000.00

Investment costs of the ESS, EUR 167,666.67
Total annual investment costs of the IES, EUR 409,000.67

Fixed maintenance costs of the BEF, EUR 41,000.00
Fixed operation and maintenance costs of the PV power system, EUR 79,000.00

Fixed operation and maintenance costs of the wind power system, EUR 38,000.00
Fixed operation and maintenance costs of the ESS, EUR 100,000.00

Total annual fixed operation and maintenance costs, EUR 258,000.00
Total annual IES costs, EUR 667,000.00

Further analysis of the results demonstrates that 61% of total annual IES costs refer to
the annual investment costs, while other 39% refer to the fixed operational and maintenance
costs. It should be emphasised that if the BEF was being charged using power from the
national power grid, the operating costs of the BEF related to the costs of the electricity
from external markets would reach a total annual value of 292,500.00 EUR. Figure 16 shows
the shares of individual annual costs for the appropriate scenario mix.
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5. Conclusions

Electricity generation from the offshore RES emerged as a solution for achieving the
sustainability of the BEF that connects IES, such as remote islands. The stochastic behaviour
of the offshore RES requires integration of the ESS to maintain a stable operation of the IES,
i.e., standalone OCS. The sustainable energy transition pathways of the short sea shipping
necessitate joint deployment models that incorporate the variability and uncertainty of the
offshore renewable electricity generation and BEF electricity demand. This study performed
a holistic offshore RES assessment and characterised the synergy between the electricity
supply from offshore PV and wind power systems and the BEF electricity demand. The
Croatian ferry route that connects the Island of Cres with the Island of Krk was selected
as a case study area. The scenarios in this study were modelled to select the appropriate
offshore RES power system configuration whose electricity supply provides the lowest
CDEP for different BEF charging cases. Additional electricity supply scenarios with ESS
were developed to indicate the PV–wind ratio with the lowest costs of the IES, CEEP and
CDEP. The main findings of the 45 considered IES scenarios are summarised as follows:

• The electricity supply scenario 6 (60% PV and 40% wind power system) provides the
minimal annual value of the CDEP in the BEF charging case A, because charging of
the BEF in case A occurs mainly during the day.

• The electricity supply scenario 9 (30% PV and 70% wind power system) provides the
minimal annual value of the CDEP in the BEF charging case B, because charging of
the BEF in case B occurs mainly during the night.

• The integration of the ESS did not manage to eliminate the CDEP in the boundary with
100% PV and 100% wind power system scenarios. However, the installed capacity
of the ESS managed to eliminate the CDEP in the offshore hybrid PV–wind power
system scenarios.

• The analysis indicated that combination of the BEF charging case A and electricity
supply scenario 3 (90% PV and 10% wind power system) with ESS is the appropriate
configuration for the standalone OCS, because it ensures the lowest total annual IES
costs, CEEP and CDEP.

The proposed method addressed the temporal and spatial aspects of the offshore RES
and BEF. The techno-economic analysis of the standalone OCS demonstrated its benefits
from both BEF and RES point of views. However, some limitations of this study should
be highlighted. First, it does not cover other relevant aspects such as optimised capacity
sizing of the total installed offshore RES and ESS. Second, the BEF electricity demand
was considered inelastic and high-resolution spatiotemporal assessment of the electricity
market was not developed. The interconnection of the standalone OCS with the island’s
electricity grid should be considered to enable the export of the excess electricity produced
from offshore RES and improve the sustainability of the OCS. Third, further research
needs to be conducted on the application of more complex optimisation techniques to
determine the optimal installed power capacity of the offshore PV and wind power system
configurations for specific maritime transport electricity demand at different locations
in Croatia. Nevertheless, the results of this study clearly highlight the added value of
exploring the synergy between hybrid offshore PV and wind power systems and BEF,
which can minimise the CDEP, CEEP and costs of the standalone OCS.
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