Pre prints.org

Article Not peer-reviewed version

Battery and Charging Infrastructure
Sizing Method Applied to the Norwegian
Coastal Express

Klara Schliiter * , Erlend Grytli Tveten , Severin Sadjina , Brage Boe Svendsen, Anne Bruyat , Olve Mo

Posted Date: 4 March 2026
doi: 10.20944/preprints202603.0392.v1

Keywords: electric ships; optimal charging locations; charging infrastructure; battery electric
vehicles; modelling; simulation

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/5136321
https://sciprofiles.com/profile/2239918
https://sciprofiles.com/profile/5141722
https://sciprofiles.com/profile/2892790
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0392.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Battery and Charging Infrastructure Sizing Method
Applied to the Norwegian Coastal Express '

Klara Schliiter '*, Erlend Grytli Tveten 2, Severin Sadjina 2, Brage Boe Svendsen !, Anne Bruyat 3

and Olve Mo !

1 SINTEF Energy Research AS, PB 4761 Torgarden, 7465 Trondheim
2 GINTEF Nordvest AS, Borgundveien 340, 6009 Alesund

3 SINTEF Ocean AS, Otto Nielsens veg 10, 7052 Trondheim

*  Correspondence: klara.schluter@sintef.no; Tel.: +47-45395418 (E.L.)
t

This paper is an extended version of our paper published in Electric Vehicle Symposium 38 - Gothenburg, 2025.

Abstract

We present a parametrised charging infrastructure model developed to support the design of a
hybrid-electric zero-emission vessel with corresponding charging infrastructure for operation along
the Norwegian Coastal Express route. The charging model includes functionalities to analyse the
required battery storage capacity and power ratings and locations of charging facilities for achieving
battery-electric operation. We demonstrate the use of the charging model to analyse different zero-
emission scenarios for the Norwegian Coastal Express route. In the presented example scenarios,
the model takes as input the estimated energy demand for a new zero-emission vessel design for
the Coastal Express in different weather conditions, and includes functionality to consider realistic
port stays based on existing timetables and historical data of delays. The analyses show minimal
required battery capacities and illustrate a trade-off between charging power and battery capacity,
as well as exemplifying the impact of different timetables as well as historic deviations on charging
and energy delivered from the battery. The charging model presented is general and can be used for
other routes than the Norwegian Coastal Express, as a tool for decision-makers to optimize for battery-
electric operation whilst keeping the need for onboard storage capacity and charging infrastructure
installations at a minimum.

Keywords: electric ships; optimal charging locations; charging infrastructure; battery electric vehicles;
modelling; simulation

1. Introduction

This paper is an extended version of the conference paper presented at the 38th International
Electric Vehicle Symposium and Exhibition (EVS38) in Goteborg [1].

1.1. Background

The Norwegian Coastal Express route provides passenger transport and cargo services along the
Norwegian coast, connecting 34 ports from Bergen in the south to Kirkenes in the north, as shown in
Figure 1. The full eleven-day round trip covers approximately 2500 nautical miles (4600 km). Eleven
ships are sailing at any time so that all ports have one northbound and one southbound arrival and
departure every day, year-round. The ships in use today are approximately 125 meters long and 19
meters wide, with accommodation for up to 500 people.

Following ambitious goals to reduce global maritime emissions from the International Maritime
Organization (IMO) [2], the European Commission (EC) [3], as well as Norwegian national climate
goals [4], Hurtigruten (one of two operators of the Norwegian Coastal Express route) has established
the R&D project Sea Zero [5] with partners from industry and research. The primary goal of Sea
Zero is to enable sustainable coastal transport of people and goods by demonstrating zero-emission

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0392.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0392.v1

2 0f23

solutions for the Coastal Express. To this end, a new vessel design was developed in the Sea Zero
project. The new design has significantly reduced energy demands for propulsion and hotel needs,
featuring sails for en-route energy harvesting, and a large battery pack as the primary energy source.
The ship is designed for hybrid operation, with a low carbon backup energy source, intended for
situations outside of expected normal operation, such as extreme weather or unavailable chargers.
Other reports and publications within the Sea Zero project cover results and analyses related to the new
energy-efficient ship design [6], propulsion technology [7], internal energy system, hotel energy needs,
and life-cycle climate footprint. In addition, research on charging infrastructure within the Sea Zero
project includes an extensive mapping of the available grid capacity and quay conditions in relevant
ports [8], a review of developments in charging infrastructure technology [9], and development and
testing of new components for high-power charging.

This work focuses on dimensioning on-board battery and port chargers. Electric maritime
transportation may have to meet different zero-emission targets under varying weather conditions and
timetable deviations. In the Sea Zero project, a method for optimization of onboard battery capacity,
charger locations, and charger power ratings has been developed in order to analyse minimum
requirements for meeting such zero-emission targets. This battery and charging infrastructure sizing
method is presented in this work, and the case of the Norwegian Coastal Express project demonstrates
the applicability of the method.
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Figure 1. The charging infrastructure model presented herein can be used to find optimal charger locations
and capacities for the Norwegian Coastal Express. Map modified with permission from [10], and ship concept
visualization printed with permission [11].

1.2. Experience from Literature

As battery-electric operation for maritime vessels extends beyond short, fixed crossings suitable for
electric ferries, to longer and more complex routes, there is a need for large-scale charging infrastructure
planning [12,13]. Finding the optimal design and structure of shore-side charging networks emerges
as a central optimization problem where the spatial distribution of chargers, their power capacities,
and the port stay durations jointly determine the achievable degree of battery-electric operation. The
vast majority of published modelling studies within this domain are related to charging infrastructure
of electric vehicles (EVs), see e.g. reviews in [14-17]. Some of the most popular modelling approaches
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include mixed-integer optimization combining discrete decisions, such as charger location and size,
with continuous power and energy constraints, although mostly at a smaller (power) scale than the
present case. Here, we focus on the efficient modelling of the charging infrastructure needed for
zero-emission operation of the Norwegian Coastal Express given the new vessel’s energy demand and
existing timetable constraints.

Although no similar charging infrastructure model for the case of the Norwegian Coastal Express
have been openly published, some relevant experience can be found in the literature for similar
problems. In the maritime domain, Havre et al. [18] study a similar zero-emission vessel service
network design problem for high-speed passenger vessels, jointly optimizing route structure, service
frequencies, sailing speeds, charger locations and power capacities. Realistic battery size and speed-
dependent energy consumption are used as modelling constraints. However, combining all free
variables from technical operation of vessels, routes, and timetables with economic variables such as
tariff structure, opens a rather large domain for optimal solutions that can lead to model scenarios that
are not achievable in practice. Similarly, Oyediran et al. [19] study optimal charging infrastructure for
the electrification of marinas in Stockholm through mixed-integer optimization models for the spatial
allocation and sizing of slow vs. fast chargers, balancing capital cost, energy cost, and reliability of
energy supply to fleets of electric boats operating on fixed or semi-fixed routes. The scale is significantly
smaller than for the Coastal Express, but the model has otherwise similar functionalities as the present
work including varying energy demands, capacities and locations of chargers. From other adjacent
transport modes (such as electric city buses [20], heady-duty road transport [21,22] and regional
electric aviation [23]), learning can be found in optimization models that treat batteries and chargers
as black-box assets with given power or energy limits and use mixed-integer formulations to jointly
optimize location, sizing and operation under timetable and energy demand constraints.

Further relevant work includes power system architecture studies for shore-side charging of
electric and hybrid ships [24] and current technological limitations for high-power charging systems
exceeding 15 MW [25], which in this context also should be complemented by local grid constraints that
indirectly impact the achievable charging power at each port. In addition, similar models for charging
and discharging are also developed for stationary batteries for e.g. grid support [26] and electric
power system control [27]. Although the methodology of the model presented here is motivated by
the zero-emission efforts for the Norwegian Coastal Express, it can be independently applied to other
battery-electric vehicles, vessels, and other maritime or land-based routes that aim to transition to
battery-electric operation.

1.3. Case Study and Constraints

We adopt a parametrised optimization modelling strategy and apply the model framework to the
case of the Norwegian Coastal Express route, introducing relevant constraints given by the national
tender for operation of the route. The continuous eleven-day round-trip along the Norwegian coastline
is operated by eleven ships, such that all ports along the route (except the end ports in Bergen and
Kirkenes) are visited by one northbound and one southbound vessel per day. The port stay durations

vary, as given by the timetable in the national tender.'

The competing objectives and limitations
represent an extensive optimization problem. To address this challenge, we have built a parametrised
model to assess how choice of onboard battery size as well as location and power rating of chargers
along the route impact the battery-electric operation. We further consider the effects of actual port stay
and sailing time variations based on historic AIS (automatic identification system) data from Coastal
Express vessels in operation today. Our focus here lies on exploring different configurations of battery

size and charging capacities along the route to reach different zero-emission targets.

1 Although future tenders may open for changes in the route and timetable, the existing timetable is used as a benchmark in

this study.
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This paper is organized as follows: Section 2 outlines the structure and functionality of the
parametrised model, Section 3 presents a number of different scenarios of interest for the future Coastal
Express, Section 4 discusses the implications of the scenarios and the wider applicability of the model.

2. Methods

The parametrised model introduced in this work, hereafter called the charging model, is illustrated
in Figure 2. It explores the degree of achievable battery-electric operation by simulating the energy
flows into and out of the onboard battery, with functionality to vary charger power and location in
port, onboard battery capacity, round-trip timetables, and energy demand data by adjusting input
parameters. The following sections describe the model’s parameters and outputs, as well as the
underlying assumptions and simulation logic.

Energy Demand Simulations Charging Model
Weather Data _( Energy Demand S _ \
for different speeds
e — ! — I
Infrastructure
Roundtrip
Batt Simulation
. attery
ropulsmn & Hotel Powe P — — -
Route & Schedule — — -/

Figure 2. Illustration of the modelling approach with parameters to the left and outputs to the right. The figure
also includes case specific energy demand simulations, described in Section 3.

2.1. Parameters

The input parameters (light blue boxes in the charging model in Figure 2) are modelling the
factors whose effects are studied in this work: the battery, energy demand for different speed and
weather, the charging infrastructure, and the vessel’s timetable. This section details the syntax and
semantics of the charging model’s parameters.

Energy demand

The net amount of energy required by the ship’s energy system during operation depends on
multiple factors such as the vessel design and propulsion technology, as well as sailing conditions
such as wind, currents and temperature. The energy demand as a function of sailing speed is used as
an input parameter to the charging model. This is illustrated in Figure 2. The split between energy
demand simulations and the charging model allows choosing different input datasets representing
assumptions about the vessel and the sailing environment in order to study different scenarios or goals
for zero-emission operation. For example, the energy demand dataset may represent a worst case of
an inefficient ship design in harsh winter weather, or a more efficient ship sailing in less demanding
conditions. It can also be set to a target threshold for energy that has to be supplied from battery and
chargers. Hence, the charging model specifies the format of the energy demand input data only. The
method of calculating this input data may vary for different case studies, and the method used in this
work’s case study is described together with the case study in Section 3.

The energy demand parameter set is split into the energy demand during port stays and the
energy demand while at sea. These are given as a function of the duration of the port stay or stretch
between two ports, in the following referred to as sailing leg. For port stays, the average power demand
during the stay is given as one shared input value for all ports and multiplied with the duration. For
sailing legs, the power at any given moment depends on the sailing speed. It is therefore provided to
the charging model in the form of polynomials,each representing the energy demand as a function of
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sailing time for a specific sailing leg. The fourth-order polynomials are taking the sailing time as input
and return the energy needed. Optionally, the valid range of sailing times for which each polynomial
yields a meaningful average power demand can also be specified. Port stays are defined as the time
during which the ship is secured at the quay. The energy demand for manoeuvring in the port and
mooring is assumed to be included in the sailing leg.

Battery

The battery is described by its net energy capacity, a charging loss approximation function, and a
discharging loss approximation function.

The battery net size is defined as the difference between a given minimum allowed state of charge
(SoC) and a given maximum allowed SoC. Accordingly, the battery is considered empty when the
SoC reaches the defined minimum SoC and should not be further discharged, and full when the SoC
reaches the defined maximum and should not be further charged. The gross size is the battery capacity
required to guarantee the defined net size throughout the battery’s lifetime. Detailed modelling of the
battery as well as calculations of the required gross size are outside the scope of the charging model.

The charging and discharging loss functions approximate all losses within the battery and onboard
charging equipment, including power converter losses. The discharging loss function does not consider
any losses in the ship’s internal power distribution system. Instead, these are assumed to be included
in the energy demand input. The loss approximation functions can estimate losses from charging or
discharging based on duration, power, or the current SoC.

Charging infrastructure

The charging infrastructure is represented as a system of available chargers at selected ports
along the route. Each charger is defined by its location (the port) and power rating. The power value
used in the charging model represents the power that is delivered to the ship, i.e. after onshore losses.
Furthermore, it is assumed that the ship will always charge at the maximum available port power. If
relevant, connection and disconnection time as well as any additional energy needed onboard the ship
for connecting or disconnecting the charger can be specified. Limitations on available grid capacity
can be enforced by setting an upper limit to charger ratings accepted by the model.

Timetable

A timetable is defined by a sequence of port stays including arrival and departure times. In the
charging model, the relevant input parameter is a schedule, where one schedule can include one or
more timetables. This allows us to represent timetable changes over the simulated time period, for
example due to different timetables for summer and winter operation.

The arrival and departure times in the timetable are defined as the start and end of the time frame
within which the ship is stationary and secured for cargo handling and passenger boarding. The
time needed for manoeuvring in port, mooring and connecting the charging plug, are assumed to be
included in the sailing time.

2.2. Simulation Method

In the charging model, a round trip is simulated according to a given timetable. Port stays and
sailing legs are simulated in order of sequence as shown in Algorithm 1. In each time step, simulation
results are collected, including

. start time,

*  port (destination port for sailing legs),

*  Dbattery state of charge (SoC),

* time when battery limits (empty or fully charged) are reached during the time step,
* average battery power flow,

* energy delivered to ship system (propulsion and hotel)

*  energy delivered from battery,
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* energy delivered from shore power,
* energy delivered from backup source, and
e  energy delivered from chargers.

This output data can then be used for further analysis, including calculating the percentage of
battery-electric operation and other relevant metrics. Energy demand is calculated for each sailing leg
(Es) and port stay (E) from the given timetable. The total energy available from the respective charger
(E.) is calculated for each port stay.”

Algorithm 1: Round Trip Simulation

for (sailing leg s and the following port stay p) do
// simulate sailing leg
battery.discharge (E;)

// calculate and save simulation data

// simulate port stay
if E, > E. then
L battery.discharge(E, — E.)
// calculate and save simulation data
else // E, <E.
L battery.charge(E. — Ep)
// calculate and save simulation data

2.3. Modelling Historic Timetable Deviations

In order to analyse historic delays in comparison to a set schedule, historical port stay durations
can be analysed using AIS (automatic identification system) data. The data source is the Norwegian
Coastal Administration, and the data is subject to the NLOD license.” There are no geographic
limitations to the data, but transmissions (via satellite) are sporadic outside of Norwegian waters.
Using AIS data for a relevant time period from Coastal Express vessels, the data processing steps to
obtain historical timetable data are as follows:

Clean data. Check the AIS data for missing or unreliable values such as AIS drop-outs, and
(where appropriate) fill in gaps without introducing bias. Discard datasets that are not complete or
inconsistent with respect to the assumed route.

Define operational mode. Divide each vessel’s journeys into segments representing individual
sailing legs for which we can calculate start- and endpoints (time, longitude, latitude), as well as the
time spent stationary (i.e. at port) prior to a sailing leg. We assume stationarity when i) the median
speed over ground (SOG) over a 6.5 min period centered at the sample timestamp considered is no
higher than 0.5 kn, or ii) more than 30 seconds have elapsed since the last recorded AIS message and
the SOG is below 1 kn.

Select complete trips. Filter for spurious results stemming from manoeuvring close to quay or AIS
drop-outs. Full trips are collected for which the expected sequence of port stays can be identified from
the AIS data with reasonable confidence. Discard trips with missing values or insufficient confidence
in the data. The resulting data-based schedules can be fed into the charging model to gauge the
sensitivity of results given historic time delays and deviations, and are thus an integral part in finding
optimal and robust infrastructure and vessel design choices.

3. Case Study

In this section, the charging model presented in Section 2 is applied to the case of the Norwegian
Coastal Express Route, as described in Section 1. We analyse the minimum requirements for battery
capacity and charging infrastructure under given prerequisites and goals for zero-emission-operation.

E. = 0if no charger is installed in the respective port.
3 See https:/ /data.norge.no/nlod/en/2.0.
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Section 3.1 details the energy demand simulations yielding the energy demand data parameter.
Section 3.2 further presents the model parameter settings, ranges and criteria used to represent the
Coastal Express case. Section 3.3 presents relevant charging model scenarios and results. Limitations
and implications of the results are further discussed in Section 4.

3.1. Estimating Energy Demand Input

To provide realistic input data for the energy demand of each sailing leg, the energy demand of
the new Sea Zero ship design is simulated for different speeds and for realistic weather conditions.
The Sea Zero design as well as the wind model quality assessment is described in [6]. The resulting
datasets are used as the energy demand parameter in the case study, as described in Section 3.2.

Ship model

The Sea Zero concept vessel is modelled using software from the ship design suite ShipX [28],
as well computational fluid dynamics (CFD) simulations and tests of the hull and of the propulsion
system. The ship model is calibrated based on model tests such as cyberphysical tests of the hull
and sails [29] in the SINTEF Ocean towing tank, and manoeuvring tests in the ocean basin [7][30].
The generated ship model can be used for both steady simulations in SINTEF Ocean ship’s simulator
VeSim [31][32]. Gymir uses a quasi-steady approach when computing the ship performances. Given
speed-over-ground, wind, sea state, and sea current, we estimate the steady-state power demand for
propulsion based on

calm water resistance from CFD calculations, including the drag reduction due to air lubrication,
wave resistance by VERES, a potential flow code in ShipX [33],

propulsion efficiency coefficients from CFD calculations,

wind resistance from CFD simulations,

SANERC N .

wind propulsion forces of two rigid wing sails are estimated using a static lifting-line model. A
simple control system is implemented to vary the sails flap angle and angle of attack based on
the apparent wind.

The following power demands are added during transit simulation:

1.  Hotel, ventilation, air condition (HVAC).
2. Raising or lowering the sails when passing a bridge, electrical lines, or close to the port areas.
3. Compressor for the air lubrication system.

Simulating legs

The energy demands per leg, as described in Section 2.1, are estimated using the Gymir simulation
platform [34,35]. Gymir can be used to estimate model ship performance using hindcast weather data
to simulate the transit phase of ship operations for an extended period of time. The Coastal Express
route is impacted by local weather and sea conditions along the coast. In this case we have studied
the Norwegian Coastal Express route for the (weather) year 2019. For this study, a model with grid
size of 800 meters (WAMS800) from the Norwegian Meteorological Institute (MET Norway) is used.
The WAMBSB00 model hindcast data were compared to the operational data collected by the currently
operating Coastal Express ship MS Nordlys from March 2023 to March 2024 [6]. The agreement was
found to be generally good.

Gymir simulates each (port-to-port) sailing leg independently. Following the relevant timetables,
each leg is simulated on a daily basis throughout one whole year. There are some seasonal differences,
e.g. that Geiranger and Hjerundfjorden are only visited during limited periods of the summer and/or
fall season. All legs are sailed at 11.5, 12.5, 13.5, 14.5, and 15.5 knots, and for each speed, a distribution
function for the average power demand per leg is estimated. These distributions are then used to
estimate statistical 501, 70%, and 90t percentiles of the average power demand for a distribution of
voyages for each leg. The percentiles are provided to the charging model as fitted polynomials for the

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0392.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0392.v1

8 0f23

power demand as a function of speed for each leg along the Coastal Express route (one polynomial for
each statistical percentile).

3.2. Parameter Setting and Ranges

Some of the parameters in the charging model are constrained by physical limitations (such as
battery losses and available charging power) or set goals and criteria (such as route and timetable).

Energy Demand Thresholds

In the following scenarios, the simulated energy demand per leg, as presented in Section 3.1, is
used as the energy demand input to the charging model. The scenarios analyse minimum requirements
for onboard battery size and charging infrastructure needed to guarantee zero-emission operation for
a certain threshold of energy required per leg. We compare two thresholds: One derived from the
average energy demand per leg (scenario A) and one derived from the 90 percentile energy demand
per leg (scenario B). Scenario A represents a requirement for zero-emission operation under historically
typical weather conditions, opening for use of the backup energy source if more energy is required,
for example due to challenging weather. It is referred to as average energy demand in the remainder
of the section. Scenario B reflects a more strict threshold for zero-emission operation on most trips,
in the following referred to as high energy demand. Scenario D and E discuss adapted and deviating
schedules on the basis of the average energy demand. Scenario C evaluates the trade-off between
battery capacity and charging power based on the high energy demand, comparing to scenario B.

Choice of schedule

For the schedule parameter, the Coastal Express timetable for 2022 is used. There are different
seasonal timetables: The winter-spring timetable, valid from November to May, represents the base
case and includes a ten-hour-stay in Alesund on the northbound journey. Outside this season, the
stay in Alesund is interrupted by a nine-hour-excursion to Geirangerfjord from June to August
(summer timetable), and an eight-hour-excursion to Hjerundfjorden in September and October (autumn
timetable).

For Geirangerfjord, along with the other Norwegian fjords on UNESCO’s World Heritage list,
the Norwegian Ministery of Climate and Environment has introduced requirements on zero-emission
operation for passenger ships [36]. For vessels with a gross tonnage of 10,000 or below, the law
takes effect from January 1% 2026. For larger vessels, including the current Coastal Express vessels,
zero-emission-operation in the fjord is required from January 1% 2032.

To analyse future Coastal Route operation, we will therefore include the following values for the
charging model’s schedule parameter in the analysis:

¢  Full year. Consisting of three separate timetables for summer, autumn and winter-spring to
reflect the full-year schedule of 2022 including seasonal excursions.

¢ Winter. Scenario A, B and C focus on the winter-spring timetable without excursions only.

¢ Adaptations from 2022. In scenario D, the winter-spring timetable from 2022 is adapted slightly
to exemplify the effect of timetable changes on charging and energy demand.

e AIS data. In scenario E, the schedules derived from historic AIS data are used to represent
timetable deviations in the charging model.

Charging ports and charging time

In the following scenarios, we consider charging in the ten ports with the longest stays (105
minutes or longer). Ports with shorter stays are not considered relevant for installing chargers, due to
high investment costs and relatively sparse usage. The time used to connect the charger is assumed to
be relatively short (up to 5 minutes) and included in the process of mooring and securing the ship, and
therefore part of the sailing leg.
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In scenario A and B, the charger ratings are then optimized to yield the smallest possible battery
capacity. Scenario D and E analyse the charging infrastructure given by scenario A for modified time
schedules.

Battery limits

The Sea Zero ship was designed for a gross battery capacity of 72.4 MWh with current technology;,
which corresponds to approximately 60 MWh net capacity. In the following scenarios, we analyse
the impact of different battery net capacities between 50 and80 MWh. Charging and discharging
losses are approximated as a fixed 2.5% of the battery power flow both for charging and discharging.
This is deemed sufficiently accurate for the purpose of this model since the details of the battery and
converters in the new ship remain to be determined.

Charger capacities and grid constraints

The Sea Zero project also involves development and testing a charging solution from Cavotec.
These demonstrated charging solution is rated with up to 23 MVA. Together with results from inter-
views with grid companies in the ports [8], we set the upper bound for charging power in the analysed
scenarios to 20 MW assuming linear charging as described in Section 2.

3.3. Scenarios

Using the parameters described above, we use the charging model to analyse the impact of
different choices for battery capacity, charging infrastructure, and timetable, as well as different goals
for electric operation.

We begin with an example with non-optimal battery and charging configurations in order to
demonstrate periods of both full battery and complete depletion during a full round-trip. Figure 3
shows the change in the battery SoC throughout the journey, here for a scenario composed of a
relatively small battery size of 50 MWh, an arbitrary charging infrastructure detailed in Figure 5, and
using the average leg energy demand of the new ship. All seasonal timetables are visualised in the
same plot. When the SoC reaches to zero, the energy demand of the ship has to be supplied from the
backup source until next charging possibility. When the SoC is 100%, the battery is full and therefore
not charging.

—— Winter and Spring Timetable
—— Autumn Timetable

—— Summer Timetable

— — Battery Capacity

State of Charge

0%— — —
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Figure 3. The state of charge during the round trip journey (Bergen—Kirkenes-Bergen) of a Norwegian Coastal
Express ship for an example battery size, charging infrastructure, and energy demand.

Note that any combination of timetable and energy demand defines a lower bound for the battery
capacity. That is, the battery capacity must be, at minimum, equal to the energy demand for the longest
period between two consecutive chargers. In Figure 3, the longest period without charging are the
sailing legs between Honningsvag and Kirkenes. However, the timetable for the northbound journey
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allows only for a ten-minute port stay in Brenneysund, and as a consequence, the charging energy
in this port will not be significant for any realistic charging power. Therefore, without any changes
to the timetable, the energy demand for the journey from Trondheim to Bode represents a minimum
required value for the battery net size for the ship to reach the set goal of battery-electric operation.

To supply the given energy demand from battery and chargers, they can be adapted to avoid
a depleted battery during the full round trip. The SoC behaviour prior to a period of depletion can
guide adaption of the charging infrastructure. Increasing the charging power in previous ports only
has an effect if the battery is not fully charged after. As an example, Figure 3 shows one period with a
depleted battery before arrival in Bergen at the end of the roundtrip. Increasing the charger capacity in
Brenngysund will not change the outcome, because no additional energy can be stored when reaching
Trondheim (visible in Figure 3 as a full battery). On the other hand, increasing charging power in
Alesund will be effective due to free battery capacity (for the southbound journey). Alternatively, new
chargers may be introduced in other ports. Similarly, increasing the battery capacity has an effect only
if there are charging ports where there is more energy available than what can be stored, visualised by
periods where the SoC is equal to the battery capacity.

It is relevant to consider to what extent the installed charger capacity can be exploited given
the timetable. This is impacted by two factors: the duration of the port stay, considering both the
northbound and southbound journey, and the free capacity in the battery when arriving at the port.
The duration of each port stay according to today’s winter-spring timetable is visualised in Figure 4.
When selecting a port for increasing charging power, the energy gained per unit of added power is
greater if the vessel’s stay in that port is longer. In this example, in order to mitigate battery depletion
before arrival in Tromsg, it may be more relevant to increase the size of the charger in Bode rather than
in Brenneysund, where the duration of the northbound stay is significantly shorter.
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Figure 4. Duration of port stays according to the winter-spring timetable.

Even though there is a sufficient amount of energy that can potentially be delivered from the
charger during a port stay, it may not be possible to store the energy due to limited available capacity
in the battery. In Figure 3, this becomes visible as horizontal parts of the figure at the battery capacity
limit, for example during the northbound stay in Alesund (for winter schedule). As the majority of
ports are visited twice, the SoC graph may not immediately reveal in which ports the installed power
can be reduced without effecting the SoC. From the simulation data, we can calculate the power used
in each port during the round trip. Figure 5 shows these numbers set up against the installed capacity.
This information can be used to optimize charger size to the minimum power needed to achieve the
same result.
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Figure 5. Installed charger power per port including the proportion of unused power (not utilised in any season
during northbound and southbound journey).
We will now present scenarios of the Norwegian Coastal Express under various conditions of

ship battery capacity, charging infrastructure, and weather conditions (energy demand). An overview
of these scenarios is given in Table 1. All scenarios assume the winter-spring timetable, with duration
of port stays as detailed in Figure 4.

Table 1. Overview of scenarios presented in this study.

Scenario  Objective Energy demand

A Minimize battery average Fig. 6
B Minimize battery high Fig. 7
C Minimize charging power high Fig. 8
D Adapt timetable average Fig. 9
E Historical timetables average Fig. 11

Scenario A: Average energy demand

This scenario evaluates the battery capacity needed to realize complete battery-electric operation
of the round-trip for a given charging infrastructure, using typical weather conditions for all legs. The
winter-spring timetable is used for the scenario, with duration of port stays as detailed in Figure 4.

Figure 6¢ shows the SoC for scenario A based on two different charger configurations. First, the
battery capacity is optimized for 15 MW charging in all selected ports, as shown in Figure 6a. In this
case, the ship must be equipped with a net battery capacity of at least 52.2 MWh in order to avoid
being fully discharged at any point during its journey. However, the installed charging power in
ports Bergen and Kirkenes can be reduced since they are not fully utilized during the round-trip. In
Figure 6b, the charging infrastructure has been changed to reflect this. Additionally, in Alesund, the
charging power can be reduced with little effect on the required battery capacity. This is possible due
to the extended stay there during the northbound trip where the SoC reaches 100% even with very
low charging power, and the short stay there on the southbound trip where a change in charging
power only has a minor effect on the SoC profile. Finally, a minor increase of power in Trondheim is
sufficient to compensate for the relatively larger reduction of power in Alesund. The resulting charging
infrastructure in case (b) has a sum total of 135 MW installed charging power compared to 150 MW
total charging power installed in case (a), while the minimum required battery capacity of the ship
remains approximately the same at 52.4 MWh.

Another strategy is to adjust the charging power in individual ports in order to maximize the
state of charge before long legs where battery depletion is otherwise likely. This can help further
reduce the lower bound of required battery capacity for fully electrified propulsion. However, with
the given schedule, the minimum required battery capacity is bottle-necked by the long passage
from Trondheim to Bodg, where the only available charging station on this leg is a very short stay at
Brenneysund. Another notable long passage is on the southbound journey from Trondheim to Bergen,
with a short charging stop in Alesund. So, further increasing the charging power in ports Brennoysund
and Alesund can reduce the required battery capacity, but only marginally due to their short stays. For
example, with the charging infrastructure in Figure 6b but with charging capacity in Brenngysund and
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Alesund, as well as Tromsg, increased to 20 MW, the minimum battery capacity is almost unchanged

at 51.4 MWh.
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Figure 6. (a) Charging infrastructure with 15 MW chargers installed in all ports. (b) Charging infrastructure
optimized with aim to reduce the sum of installed charging power. (c) The state of charge during the round-trip
journey (Bergen-Kirkenes-Bergen) of a Norwegian Express Ship for the average energy demand, serviced by the
charging infrastructures specified in (a) or (b). Dotted lines indicate the battery capacity.

Scenario B: High energy demand

This scenario analyses the minimum required battery size under high energy demand conditions.
The schedule follows the winter-spring timetable, with port stays as detailed in Figure 4.

Figure 7 shows the SoC for two different charging infrastructures. In Figure 7a, all chargers
deliver 15 MW, similar to Scenario A. Due to the harsher weather conditions for all legs, more energy
is depleted from the battery between every charging stop. The minimum battery capacity that enables
full battery-electric operation in case (a) is 76.9 MWh. The limiting factors are the two long southbound
legs from Trondheim to Bergen with only a short charging-stop in Alesund. In Figure 7b, the charging
infrastructure is adapted to achieve the smallest possible battery capacity ensuring full battery-electric
operation. The choice of charging infrastructure in case (b) was determined mainly by ensuring a high
SoC before the southbound legs from Trondheim to Bergen, which is reflected by increased charging
power in Svolveer and Tromse. Further improvements were limited by the previously mentioned
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bottleneck in Brenneysund on the northbound trip from Trondheim to Bode. These changes resulted
in a minimum required battery capacity of 57.4 MWHh, given a charging infrastructure with a total
charging power of 153 MW. Thus, by distributing the magnitude of charging power to ports based on
the energy demanded by the schedule, one can in certain scenarios greatly reduce the ship’s required
battery capacity without requiring a higher sum of installed charging capacity.

The Sea Zero ship was designed for a gross battery capacity of 72.4 MWh, which corresponds
to approximately 60 MWh net capacity. With this battery capacity, the evenly distributed charging
infrastructure in Figure 7a is not able to support a fully battery-electric operated ship under high
energy demand conditions. On the other hand, with a more methodical distribution of the available
charging power, as in Figure 7b, the Coastal Express may realize fully battery-electric operation even
during the most energy-demanding conditions.
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Figure 7. (a) Charging infrastructure with 15 MW chargers installed in all ports. (b) Charging infrastructure
optimized with aim to minimize battery capacity. (c¢) The SoC during the round-trip journey (Bergen-Kirkenes-
Bergen) under high energy demand conditions, given the charging infrastructures specified in (a) or (b). Dotted
lines indicate the battery capacity of each case.

Scenario C: Fixed Battery Size

While scenario A and B analyse the minimal required battery size, this section focuses on exploring
solutions with less total charging power, in trade-off with a larger battery. Timetable and energy-
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demand parameters are set to the winter timetable with a high energy demand, respectively, in order
to compare the results to scenario B. For a battery capacity of 60 MWh, 70 MWh and 80 MWh, we
adapt the charging infrastructure to reduce the sum of the charger power ratings installed in all ports.

Table 2 shows the resulting total charging power for 60 MWh, 70 MWh and 80 MWh battery
capacity. Battery size and charging power of scenario B are added as a baseline for comparison. The
required total charging power for the baseline battery capacity (57.4 MWh) is highest. An initial
increase of the battery size by 2.6 MWh to 60 MWh trades for 7 MW less in total charging power.
With higher battery capacities, the required total charging power is reduced down to 127 MW for a
battery capacity of 80 MWh. Furthermore, it becomes visible that the additional decrease in charging
power per added unit of battery capacity is reducing with higher charger ratings: increasing the
battery capacity from 60 MWh to 70 MWh leads to a reduction in charging power of 14 MW, where as
increasing battery capacity from 70 MWh to 80 MWh yields a relatively lower decrease in charging
power of 5 MW.

Table 2. Comparison of battery capacity and total charging infrastructure required to supply the high energy
demand from battery and chargers only for scenarios B and C.

Scenario Battery capacity Total installed charging power

B 57.4 MWh 153 MW
C 60 MWh 146 MW
C 70 MWh 132 MW
C 80 MWh 127 MW

Figure 8 presents the SoC throughout the roundtrip as well as the charger power ratings for a
battery capacity of 70 MWh. The total charging power required to supply the full energy demand
is 132 MW. This represents a reduction of 21 MW compared to the baseline scenario Bwith a battery
capacity of 57.4 MWh. Beyond the trade-off between battery capacity and charging infrastructure, we
note that the difference in charging power between the ports experiences an increase with increased
battery capacity. [llustrative for this effect is the difference between the charger with the lowest power
and the charger with the highest power, amounting to 9 MW for the baseline and 15 MW for Figure 8.
The increased difference can be attributed to the larger storage capacity of the battery, allowing to
distribute the charging power more flexibly to ports where charging is most effective.
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Figure 8. (a) SoC and (b) installed chargers for high energy demand, winter timetable and 70 MWh battery
capacity.

Scenario D: Adapted schedule

In this scnenario, we exemplify the effect of adapting the timetable. The northbound port stay in
Brenneysund is one example where changes to the timetable can help lowering the requirements for
battery size or total installed charging power. This can be seen in both Scenario A and B, where further
optimization reached stagnation due the short stay in Brenneysund. Here, we present a scenario where
the winter-spring timetable has been adjusted between Trondheim to Bode to allow for a longer port
stay in Brenneysund in order to extend the charging period there. This scenario is otherwise identical
to Scenario A, using the optimized charging infrastructure in Figure 6b.

If there is a criterion on the overall trip length, extended port stays must be balanced by shortening
the stay in other ports, or by decreasing the time to sail certain legs and thus increasing the sailing
speed. The adapted timetable for this case is shown in Table 3, where the extended port stay in
Brenneysund is balanced out by shortening the sailing time for each of the three sailing legs before
and after the port stay in Brenneysund. Both departure from Trondheim port and arrival in Bode port
remain unchanged. As the steeper decline in battery SoC for the adapted timetable in Figure 9 shows,
the faster sailing speed does require more energy, but the extended charging time in Brenneysund
dominates the trade-off. With the original timetable, the difference in SoC from Trondheim to Bode
is 52.4 MWh, while it is 47.2 MWh using the adapted timetable. Thus, adapting the schedule to
accommodate the needs of battery-electric operation can effectively reduce the required size of the
on-board battery.
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Figure 9. The change in state of charge for the winter-spring timetable and an adapted version.

Table 3. Minor changes to the original timetable to optimize battery-electric operation.

Original timetable Adapted timetable
Port arriv. depart. arriv. depart.
Trondheim 9:45 12:45 = 9:45 12:45
Rervik 21:40 22:00 shifted 10 minutes 21:30 21:50
Bronneysund ~ 01:35 01:45  extended by 2 - 15 minutes ~ 01:20 02:00
Sandnessjoen  04:35 04:50 shifted 10 minutes 04:45 05:00
Nesna 06:00 06:10 shifted 5 minutes 06:05 06:15
Qrnes 10:00 10:10 = 10:00 10:10
Bode 13:05 15:20 = 13:05 15:20

Scenario E: Schedule based on historical data

We complete this case study by analysing scenario A under timetable deviations based on AIS-
data from 20 historic voyages for the Norwegian Coastal Express in 2022 and 2023. The historic
roundtrip schedules are the result of AIS-data analysis as described in Section 2.3. While a significant
number of round trips had to be discarded due to missing values or insufficient confidence in the
data, the resulting selection of 20 full round-trips are considered historically representative for a range
of normal operations. As illustrated by Figure 10, significant deviations from the timetable can be
observed in the time spent at port due to delays or changes to the route, for example as a consequence
of shifting and unfavourable weather conditions.
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Figure 10. Variability of the time spent at port for 124 complete round trips from Coastal Express vessels in
operation today. These cumulative times illustrate a theoretical upper bound for the time available for charging.
Data was selected from the winter and spring seasons in the periods of 01.01.-31.05.2022 and 01.11.2022-31.05.2023.
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Such a scenario can be studied to showcase how real-world delays and time deviations affect
battery-electric operation for a given charging infrastructure and battery capacity. We focus on the
winter-spring schedule, and use the same input parameters as Scenario A for battery capacity, energy
demand, and charging infrastructure capacity. Figure 11 illustrates the sensitivity of the SoC with
respect to real-life delays, e.g., late arrivals in Trondheim northbound), Bode (northbound) or Svolveer
(southbound) can cause substantial deviations from the official schedule. Such delays may result in
significantly reduced time for charging in some ports and corresponding need for supplying energy
from the backup energy source to complete the following legs. A full sensitivity analysis of how
real-life delays for the Coastal Express will affect the achievable amount of battery-electric operation is
beyond the scope of this paper, and will be the subject of upcoming work.
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Figure 11. Range of simulated SoC values for the Coastal Express route using 20 complete historic round trip
schedules from AIS data in the periods of 01.01.-31.05.2022 and 01.11.2022-31.05.2023 (light blue bands). This
corresponds to the winter-spring timetable. The AIS-based schedules are compared with the winter-spring
timetable without any deviation or delays (dark blue line). Input parameters for battery capacity, energy demands,
and charging power capacities are otherwise equal to Scenario A(b)

Percentage of battery-electric energy

For a broad overview of battery and charging infrastructure options for one timetable and energy
demand, the ratio of battery-electric operation can be visualised for different battery capacities and
total charger capacities. Figure 12 shows this for two different energy demand datasets. The charging
infrastructure options are characterized by the total installed charging power, i.e. the sum of the
installed charging power in each port. The percentage plotted for each value of total installed charging
capacity is the maximum percentage among all charging infrastructure options that amount to the
same total installed charging power. Both plots show the same general pattern, highlighting two
trends:

1.  Below a certain onboard battery capacity, increasing the charging power does not yield any
significant improvements in the percentage of battery-electric operation. For increases in charging
power to have an effect, the battery capacity needs to be sufficiently large. The same applies
vice versa: An increase in battery capacity only impacts the ratio if enough charging power is
available.

2. The final increments in the percentage are the most costly to achieve: As the percentage increases,
the additional battery capacity and charging infrastructure required for further improvements
grow significantly (the distance between the traces indicating a 0.05 rise in the ratio is expanding
towards the upper right corner), while initial increases can be achieved with relatively small
additional investments.

*

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0392.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0392.v1

18 of 23

B 5
£ = £ o
@ o
z = 0.75
[s] [s]
o o
o o
c C
5 5
2 2 05
U 5] :
= E
g g
40
Battery Capacity [MWh] Battery Capacity [MWh]

() (b)

Figure 12. The ratio of energy supplied from the battery as a function of battery capacities and charging
infrastructure options, for (a) average energy demand and (b) high energy demand, using the winter-spring
timetable.

4. Discussion

This section discusses the applicability and limitations of the method introduced in Section 2 and
the interpretation of the results from Section 3.

4.1. Case Evaluation

Using the charging model presented in this paper, the case study demonstrates the sensitivity of
the required battery and charging infrastructure to the ship’s schedule. The installed charging power
per port and the size of the ship’s battery are both strongly affected by the duration of the individual
stays and the distance between consecutive charging ports. In this study, we have applied today’s
timetables for the Coastal Express. This timetable is not optimized for battery-electric operation. With
a zero-emission Coastal Express, making adjustments to the timetable to accommodate the needs of
battery-electric operation can potentially reduce the required size of the battery and the amount of
charging power required throughout the network. The charging model can aid this planning process,
and can ultimately contribute to reduced costs for the project.

The AIS analysis in Scenario E shows that historically, one can expect significant deviations from
the timetable also for normal operation. For a future battery-electric ship such deviations may result in
reduced time available for charging, and it will be even more important to thoroughly plan the journey
ahead based on weather forecasts, as well as possibly introducing some charging buffer capacity in
selected ports to account for late arrivals.

Scenario C includes batteries of up to 80 MWh net capacity. Although the ship designed within
the project was originally optimized for the space and weight requirements of a smaller battery (72.4
MWh gross capacity, about 58 MWh net capacity), it may be possible to include larger batteries at the
beginning of the next tender period for the Coastal Route. Importantly, the energy density per space
and weight of a battery has been continuously increasing with new developments in the past years,
and it is reasonable to assume that this trend continues. Therefore, larger capacities may be possible
with small adjustments.

Although limited to a certain range, the results show a clear trade-off between battery capacity and
total installed charging power (see Table 2 and Figure 12). The prioritisation of possible combinations
depends on economic and other case-specific evaluations outside of the scope of this work. One
criterion that may play a role is the number of ships operating the Coastal Route using the same
charging infrastructure. If there is only one ship with a battery installed, it may be advantageous to
invest in a large battery in order to keep charging capacity low. If more ships are fitted with batteries,
smaller batteries may reduce the costs although the charging power has to be increased. Furthermore,
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grid limitations as well as local conditions have to be taken into account. This work therefore focusses
on possible solutions as opposed to their implementation.

4.2. Targets for Zero-Emission Operation

The Norwegian Coastal Route is governed by a public tender. Although the future tender criteria
are not known at the time of writing this paper, they will likely require low-emission operation. For
example, this goal can be defined by requiring a certain percentage of the total energy demand to be
supplied from battery and chargers or other zero-emission energy sources. However, the achievability
of a criterion set like this depends on weather conditions as well as logistic challenges like unavailable
chargers or skipped port calls. As these are not known at the time of battery and charger installation,
fulfilling the set criterion can be quantified by a probability of success depending on predictions, but
not guaranteed with a certain infrastructure and energy system design.

Alternatively, the tender can specify a fixed zero-emission energy threshold for normal operation.
This threshold represents the highest energy demand per leg or roundtrip that must be possible to
supply from the battery. Trips that require more energy than this or experience other irregularities are
treated as exceptional cases and may use the backup energy source. This approach separates normal
operation from extraordinary conditions such as bad weather, route changes , unavailable chargers,
or skipped port calls, and battery and charging infrastructure only need to be sized for the defined
normal cases.

The charging model is best suited for analysing battery and charging infrastructure requirements
for a fixed zero-emission energy threshold per sailing leg. The combinations of battery and charging
infrastructure that yield full battery-electric operation in the charging model simulation guarantee
meeting the zero-emission criterion in real-world conditions.

In order to evaluate realistic energy thresholds for each leg in the presented case study, we used
the energy demand for the Sea Zero ship design, simulated for weather data from 2022. Both the
average energy demand higher threshold where analysed. It is important to note that the energy
demands for the sailing legs are simulated independently. Thus, the combination of all legs that are
simulated based on the 90 percentile energy demand for each leg does not statistically correspond
to the 90 percentile of the total roundtrip energy demand. However, if respective input data for
timetable and energy demand is given, the charging model can be used for a statistical analysis of a
representative set of roundtrips. As an alternative to setting a fixed zero-emission energy threshold
per leg, a set emission goal for a complete roundtrip journey requires a model structure that also takes
into account correlations and dependencies between consecutive legs.

4.3. Model Evaluation

In this section, the charging model structure and its implications are discussed.

Energy demand as a parameter.

The calculation of the energy demand is decoupled from the charging model and must be con-
ducted independently before running the charging model. One benefit of this is reduced computation
time for simulating different scenarios. While energy calculations may be time consuming, the polyno-
mial input structure allows for efficient calculation of the energy demand depending on the timetable.
Another advantage of this separation is modularity: both the charging model and energy demand
calculations can evolve independently without requiring interdependent updates.

As the charging model accepts the energy demand data as a parameter, we are effectively choosing
assumptions about the vessel and the sailing environment by selecting a certain dataset: both vessel
characteristics (like size, systems, and design), and weather including oceanographic parameters like
waves, tides, and currents impact the energy demand of the vessel. Simulating the same scenario for
different datasets therefore allows us to compare different technologies or different environments.
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Battery loss approximation.

The charging model accepts functions for approximating battery losses during charging and
discharging. These functions are used during the simulation when the losses are calculated, and can
take available information from the current state of the charging model as input for loss approximation.
Available information includes the duration of the charging or discharging phase as well as the current
state of charge. However, the charging model works with a linear average power for both the charging
and discharging phase. Consequently, the loss approximation can be based on average power only,
and the power delivered to or by the battery at any given point in time can not be taken into account
when calculating the losses.

Charging and discharging power.

The charging model does not take into account charging profiles, but assumes linear charging and
discharging of the battery. It also assumes that charging always occurs at maximum power multiplied
by the charging loss function. In practice, the rating power of the charging stations must therefore
likely be slightly higher than the values used in the case study.

Battery gross capacity.

The charging model is treating the given battery capacity as the net capacity of the battery, i.e.
the capacity that is available for use during daily operation. Commonly, battery producers provide
a recommended minimum and maximum SoC that should not be surpassed in order to ensure
efficient operation and prevent premature aging. Additionally, batteries degrade through aging and
cycling, such that capacity will be less at end of the defined lifetime. The gross capacity required to
provide the respective net capacity throughout the planned lifetime of the battery can be calculated
as a postprocessing step. The battery cycling profile, among other parameters, can be provided by
the charging model simulation. However, it is probable that for any specific case, battery system
specification impacts the gross size calculation, and the battery provider can deliver more accurate
estimates. In the charging model, calculation of the required gross size is thus not included.

Battery Energy Density in Design.

In the charging model, the energy demand and the battery capacity are separate input parameters.
However, depending on how the energy demand parameter is used, this represents a simplification of
dependencies: the battery capacity directly impacts weight and space requirements on board, which in
turn may impact the vessel’s energy demand. In some cases, the vessel’s draft is limited by certain
passages in the route, such that changes in battery weight have to be counteracted by other changes in
the ship design to keep the same draft. Nevertheless, the vessel’s vertical center of gravity may be
impacted, changing the vessel’s behaviour in waves, among other effects. The true energy demand is
therefore impacted by the size of the battery. If the charging model is used as described above (see
Section 4.2), setting the energy demand per leg to a certain threshold that has to be supplied from
battery and chargers, this has no impact on the simulation results, as the zero-emission threshold does
not change in dependence of the battery capacity. If the model is used for statistical analysis of trips
for which the energy demand is simulated for the specific vessel design, the battery weight and size
may introduce a small error to the result.

Cost estimation.

The presented methodology focuses on exploring technical requirements for reaching different
zero-emission targets, as opposed to installation and operational expenses. Cost estimation would
require a thorough techno-economic analysis that includes detailed assessments of economic and soci-
etal factors. This should also include the possibility of sharing grid capacity or charging infrastructure
with other users. Case-specific battery and energy costs also need to be taken into account. Due to the
focus on battery capacity and charging infrastructure requirements in this work, the charging model
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therefore does not provide a cost analysis. It can, however, be extended to assign costs to different
alternatives in the future.
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