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Abstract. Reducing the human environmental impact is one of the most critical is-
sues nowadays: in this perspective, the progressive decommissioning of fossil fuels
is a significant priority to guarantee a sustainable future for the next generations.
This paper proposes a zero-emission ferry for inland waterways and short-sea nav-
igation, focusing on realistic solutions to provide the best trade-off between oper-
ational performance and environmental sustainability. In particular, the object of
this study is the refitting of a double-ended ferry working in the Lago Maggiore,
one of the largest Italian lakes. Systems suitable for the purpose have been selected
and integrated onboard to maximize efficiency, implementing full-electric propul-
sion with electric motors, a Li-ion battery storage system, and photo-voltaic panels.
The benefits and drawbacks of the considered technologies have been evaluated to
select the most promising design solution, focusing on both onboard and on-shore
impact in terms of compatibility with the existing infrastructures and considering
life-cycle sustainability.
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1. Introduction

The United Nations World Commission on Environmental and Development has firstly
defined Sustainable Development as a “development that meets the needs of the present
without compromising the ability of future generations to meet their own needs” [1]. In
this context, the emission of pollutant gases in the atmosphere is recognized as an urgent
problem. While the researchers are looking at alternative fuels to guarantee a sustainable
future for the next generations, the regulatory frameworks are pushing toward imple-
menting sustainable strategies in all industrial fields, focusing on a massive and constant
reduction of greenhouse gas emissions. In particular, reducing environmental pollution
is one of the primary drives of the International Maritime Organization (IMO) in issuing
regulations. The MARPOL Annex VI rules the emission of the main air pollutants con-
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tained in ship exhaust gases, such as sulfur oxides (SOx), nitric oxides (NOx), and carbon
dioxide (CO2).

Within this regulatory framework, the maritime world is trying to react by introduc-
ing new technological solutions. [2] presented a perspective view of the impact of the
increased environmental awareness on the future of the shipping world. Electric propul-
sion has been identified as one of the most promising technological solutions to guaran-
tee a sustainable and economically effective future for maritime transport [3,4,5], with
a particular focus on hybrid systems including zero-emission technologies such as bat-
teries and fuel cells[6]. Case studies and applications of fuel cells to ferry and passenger
ships have been presented in recent literature [7,8]. Battery systems are the most promis-
ing technological solution for shipboard applications, especially in hybrid configuration
[9,10,11], also coupled with solar panels [12,13]. The Yara Birkeland [14] and E-Ferry
Ellen [15] projects successfully adopted a full-electric battery-based propulsion system
without a thermal engine onboard.

This paper presents the refitting of a double-ended ferry working on the Italian lake
Lago Maggiore, considering advanced technological solutions to meet zero-emission re-
quirements. In particular, the focus of the work is to study an alternative propulsion sys-
tem to replace the main diesel engines and generators with a full-electric zero-emission
propulsion and generation plant relying on batteries and photovoltaic panels. The design
process accounts for the specific requirements of the refitted ship. The paper discusses
the propulsion system design procedure starting from the data of the original ship, with
a particular focus on the sizing of the battery pack based on the analysis of the operating
profile. Eventually, a comparison between the original and refitted ship is provided and
discussed.

2. Reference ship

2.1. General description

The Ticino Ferry is a 54m long double-ended ferry, with a load capacity of 33 vehi-
cles and 844 passengers. Table 1 summarizes the ship’s main data. The ship was built
in 1996 by Cantiere Navale Ferrari, features a traditional diesel propulsion system, in-
cluding two diesel engines, each moving one azimuthal thruster via a reduction gear. The
propulsion machinery is located at the aft and fore of the hull: according to the ship crew,
during navigation, the aft propeller delivers most of the required thrust, while the fore
propulsion system contributes a small amount, mainly for maneuverability reasons. On
the comeback trip, fore and aft are switched, and so are the propulsion systems. Each

Table 1. Technical data of the reference ship “Ticino”

Lenght 54.22 m

Displacement 558.9 t

Main propulsion 2×533 kW Diesel Eng., 2 azimuthal thrusters
Electric generation 2×162 kW Diesel geneators
Speed 11.5Kn Design, 13Kn Max.
Total capacity 844 passengers, 33 vehicles



Figure 1. Layout of the proposed propulsion system

engine delivers 533 kW at 1800 rpm, allowing a design speed of 11.5 kn. Two 162 kW
diesel generators ensure the electrical power for the hotel load.

2.2. Operating profile

The typical mission of the case study ferry is a trip between the ports of Intra and Laveno
on the Italian lake Lago Maggiore. Each trip takes around 30 minutes at the design speed
and is broken down as follows:

• A maneuvering phase of about 1 minute to leave the departure dock;
• A navigation phase of 18 minutes;
• A maneuvering phase of 1 minute to approach the arrival dock;
• A dock stop of 10 minutes, to allow the passengers and vehicles to disembark and

embark.

Notice that the maneuvering phase is relatively fast because of the double-ended config-
uration of the ferry. The ferry’s daily routine consists of 20 round trips per day with a
lunch-break of 60 minutes in the middle, for a total of 10 working hours divided into two
sessions.

3. Zero-emission refitting

3.1. Propulsion and generation layout

The refitting of the presented ship is inspired by a zero-emission design philosophy and
features full-electric battery-powered propulsion without diesel generators on board. The
refitting is intended to keep the same double-ended propulsive configuration of the ex-
isting ferry, targeting the machinery and other energy-expensive features to enhance the
overall efficiency.

Figure 1 shows a layout of the concept propulsion plant. The batteries are split into
four packs to increase the redundancy and are connected to two main switchboards. Such
a symmetrical layout allows for keeping the trim straight. Each electric motor is con-
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Figure 2. Towing resistance curve estimated via
systematic series.

Figure 3. Engine-propeller matching with the
electric propulsion motor

nected to its nearest switchboard; however, a redundant connection to the other switch-
board is ensured. Eventually, a photovoltaic (PV) system provides additional power by
exploiting solar energy.

3.2. Propulsion motors

The main idea of the presented refitting is to replace the original diesel propulsion en-
gines with two electric motors powered by battery packs while keeping the same az-
imuthal thruster, propellers, and service speed, to maintain the same daily schedule.

A towing test based systematic series for double-ended ferries [16] allowed assess-
ing the resistance curve to evaluate the power and speed of the motors. Figure 2 shows
the estimated total hull resistance, including a 10% service margin to account for foul-
ing and rough weather conditions. For the open water characterization of the propeller,
reference has been made to an equivalent Wageningen B-series propeller.

In order to select the proper electric motors, the load sharing policy between the
fore and the aft propellers should be taken into account. According to the vessel crew,
the ferry mainly relies on the aft propulsive line, yet it is common practice to exploit the
fore propeller to deliver a small fraction of the total thrust for maneuverability reasons.
Based on the information from the crew, the refitted propulsion system has been designed
to operate on a hypothetical 80%:20% thrust sharing ratio between the propellers. Two
Siemens HT-direct motors 1 FW4403-1HD three-phase synchronous permanent-magnet
motors have been selected. The motors feature a nominal power of 530 kW and a nom-
inal speed of 500 rpm, thus removing the reduction gears. Figure 3 shows the engine-
propeller matching for both the aft and the fore propulsion drives according to the as-
sumed load sharing policy.

3.3. Energy efficiency improvements

When designing a battery-powered ship, the energy efficiency of every single process on
board is a significant concern, as the weight and volume of the batteries are limiting fac-
tors when maximizing the vessel range. In the considered refitting, some straightforward
efficiency improvements not directly related to propulsion allowed reducing the number
of batteries onboard.
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Figure 4. Daily energy profile without lunch
break charge (Profile A)
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Figure 5. Daily energy profile with lunch break
charge (Profile B)

Firstly, a renewal of the air conditioning system, including replacing the electric
heaters with Air Treatment Unit, Chiller, and Fan-coils, led to an estimated reduction
of the air conditioning electric consumption to one-third. Secondly, replacing the old
generation bulbs with led bulbs has been estimated to be a 95 % reduction of the electric
load due to lights on board. After the described interventions, the energy demand due to
the electric loads during the mission has been estimated at 180 kWh.

Solar panels allow exploiting the sun energy to obtain free power when available,
reducing the power required to the batteries. The adoption of solar panels has been eval-
uated based on the available surface on the upper decks, that allows the installation of
200 m2 of panels, for a peak power of 44.8 kW , roughly equivalent to the hotel load.
Because of the randomness of the solar energy, the PV panels have not been considered
as an additional source when sizing the battery packs. However, it is worth mentioning
that, considering the yearly average solar radiation on a flat surface in the region where
the vessel operates according to models [17] and a 22.6% panel efficiency, the system is
able to produce 62.3MW/year of clean energy.

3.4. Battery packs

The onboard battery system has been designed to satisfy all the propulsive and auxiliary
energy demands without considering the PV panels. The ESS needs to be sized to pro-
vide the energy required for the ferry operation, considering both the power request and
the available recharge power and time. A typical day of operation includes 10 hours of
navigation split into two 5-hour sessions by a 1-hour lunch break. Two possible profiles
can be identified. In the first profile (A), the shore connection provides the hotel power
during the lunch break without charging the batteries. Alternatively (Profile B), an ade-
quate shore infrastructure would allow a partial charge of the batteries during the lunch
break. Figure 4 and Figure 5 show the two alternative energy profiles for solutions A and
B, respectively, while Table 2 presents a point-by-point comparison. In both cases, the
battery state of charge (SoC) should neither exceed 90% to avoid battery heating nor fall
behind 30% for safety and battery life reasons. Overnight, the shore connection ensures
the slow charge. During the lunch break, a charge rate of 0.5−C has been assumed for
Profile B considering the existing shore electric infrastructure, as discussed in Section
3.5.



Table 2. Energy profile and battery sizing

Profile A Profile B

Energy spent for one trip 180 kWh 180 kWh

Energy spent between two charges 3600 kWh 1800 kWh

SoC before lunch break 60% 40%
SoC after lunch break 60% 80%
SoC minimum 30% 30%
Nominal capacity 6000 kWh (400 modules) 3600 kWh (240 modules)

Table 3. On shore network requirements to allow fast charge during lunch-break (Profile B)

Fast charge energy 1.44 MWh Slow charge energy 2160 kWh

Fast charge power 1.44 MW Slow charge power 197 kW

Fast charge C-rate 0.5 Slow charge C-rate 0.33

KOKAM High Energy battery modules for marine applications have been con-
sidered an example solution: each module has a 15.1 kWh nominal capacity with
129 kWh/m3 and 119kWh/t volumetric and gravimetric energy density, respectively. In
order to match the nominal energy requirements, Profile A and B require 400 and 240
modules, respectively. Considering the energy densities of the proposed solutions, a vol-
ume difference of 18.5 m3 and a weight difference 20 t can be roughly estimated.

The energy storage system has been arranged in multiple modules to increase re-
dundancy. In addition, an emergency battery pack connected to a dedicated switchboard
above the bulkhead deck provides emergency power, in analogy with the requirement for
emergency diesel generators. The worst-case scenario for the emergency pack features a
complete failure of the standard battery system when the ship is close to the port with no
shore connection (Laveno): the battery pack must provide enough energy to sail back to
the other port.

3.5. On-shore charge system

Profile A requires a relatively low shore connection power. Figure 4 shows that the bat-
tery pack is recharged only during the night, while the shore connection ensures the hotel
power during the lunch break.

Profile B can be demanding for the shore infrastructures, as it requires a relatively
high C-rate charge during the lunch break (Figure 5). Table 3 presents a brake down
of the power request to the shore connection in profile B. In particular, the ship needs
1.44MWh of energy during the one-hour lunch break, which is 1.44MW necessary to
guarantee the 0.5C− rate. On the other hand, the 11-h long slow charge requires only
197kW due to the lower battery capacity. Despite the high power demand, the necessary
charge power might be feasible for the high power network feeding the railway station
nearby the dock of Laveno, where the vessel spends the lunch break.

4. Comparison with the original vessel

The previous sections presented two possible refitting solutions depending on the energy
expenditure and charge policy profile. Despite the shore-power demand challenge, Pro-



Figure 6. Comparison between the reference and the refitted ferry in terms of equivalent CO2 emissions

file B has been evaluated as the most promising in terms of space and weight. This sec-
tion compares the original vessel to the refitted vessel in case Profile B is assumed. From
the weight point of view, the absence of fuel oil tanks compensates for the additional
weight of the battery packs, resulting in a negligible weight difference at full load. From
the emission standpoint, the refitted solution is intrinsically zero-emission, as it does not
feature any thermal engine. However, to give a more rigorous analysis, the amount of
equivalent CO2 emissions (CO2 eq) has been compared, considering the emissions due to
the production of the energy to charge the battery pack: the equivalent CO2 accounts for
all the greenhouse gases by converting them to the equivalent amount of carbon dioxide
with the same global warming potential.

According to [18] the Italian national grid produces is 290 gCO2 eq/kWh. Consid-
ering that the ferry operates around 310 days/year, a working day of the ferry includes
20 missions which require 180 kWh each, and accounting for 5% losses due to the ef-
ficiency of the battery charging process, the annual emissions of the refitted ferry can
be estimated in 341 tCO2 eq/year. Taking into account the PV panels leads to an extra
20 tCO2 eq/year saving.

The same estimate can be made for the original vessel, considering the original
propulsion and electric loads, leading to an energy consumption of 192 kWh per mission.
The SFOC of the Diesel engines onboard is 217 g/kWh in optimal conditions. Moreover,
the equivalent CO2 emissions can be estimated in 4.06 gCO2 eq/g f uel . Under the same
operating conditions described above, the original ship produces 1047 tCO2 eq/year. Fig-
ure 6 compares the results in a bar plot: notice that, even considering the impact of the
energy production toolchain, the overall environmental impact of the proposed solution
is around one fourth of the original. Notice also that the contribution of the PV panels to
the effectiveness of the system could be considered negligible.

5. Conclusions

This paper presented a double-ended ro-ro pax ferry refitting for lake navigation. The
refitting has been inspired by a zero-emission philosophy, replacing the traditional diesel
propulsion battery-powered with electric propulsion and photovoltaic panels. Two alter-
native solutions have been evaluated in compliance with the ship operating profile, with
different energy profiles and charge policies. The most promising solution features a fast
charge during the 1-hour lunch break. The required charge power is 1.44 MW and might



be feasible after further evaluation of the existing local infrastructures. The refitting does
not significantly impact the ship displacement, yet it effectively nullifies the local emis-
sions and relies on a more efficient energy production tool-chain that reduces the im-
pact from an overall perspective. Ultimately, additional benefits brought by the proposed
refitting are noise reduction and lake livability improvement for residents and tourists.
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[2] Eyring V, Köhler H, Lauer A, Lemper B. Emissions from international shipping: 2. Impact of future
technologies on scenarios until 2050. Journal of Geophysical Research: Atmospheres. 2005;110(D17).

[3] Nguyen HP, Hoang AT, Nizetic S, Nguyen XP, Le AT, Luong CN, et al. The electric propulsion system as
a green solution for management strategy of CO2 emission in ocean shipping: A comprehensive review.
International Transactions on Electrical Energy Systems. 2020:e12580.

[4] Skjong E, Johansen TA, Molinas M, Sørensen AJ. Approaches to economic energy management in
diesel–electric marine vessels. IEEE Transactions on Transportation Electrification. 2017;3(1):22-35.

[5] Symington WP, Belle A, Nguyen HD, Binns JR. Emerging technologies in marine electric propulsion.
Proceedings of the Institution of Mechanical Engineers, Part M: Journal of Engineering for the Maritime
Environment. 2016;230(1):187-98.

[6] Reddy NP, Zadeh MK, Thieme CA, Skjetne R, Sorensen AJ, Aanondsen SA, et al. Zero-emission au-
tonomous ferries for urban water transport: Cheaper, cleaner alternative to bridges and manned vessels.
IEEE Electrification Magazine. 2019;7(4):32-45.

[7] Micoli L, Coppola T, Turco M. A Case Study of a Solid Oxide Fuel Cell Plant on Board a Cruise Ship.
Journal of Marine Science and Application. 2021;20(3):524-33.

[8] Coppola T, Micoli L, Turco M. Application of high temperature fuel cell powered by lng on a ferry-boat:
A case study. In: Sustainable Development and Innovations in Marine Technologies - Proceedings of
the 18th International Congress of the International Maritime Association of the Mediterranean, IMAM
2019; 2020. p. 277-84.

[9] Zhou Z, Benbouzid M, Charpentier JF, Scuiller F, Tang T. A review of energy storage technologies for
marine current energy systems. Renewable and Sustainable Energy Reviews. 2013;18:390-400.

[10] Kim SY, Choe S, Ko S, Kim S, Sul SK. Electric Propulsion Naval Ships with Energy Storage Modules
through AFE Converters. Journal of Power Electronics. 2014 03;14.

[11] Capasso C, Veneri O, Notti E, Sala A, Figari M, Martelli M. Preliminary design of the hybrid propul-
sion architecture for the research vessel “G. Dallaporta”. In: 2016 International Conference on Elec-
trical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles – International Transportation
Electrification Conference (ESARS-ITEC); 2016. p. 1-6.

[12] Lan H, Wen S, Hong YY, David CY, Zhang L. Optimal sizing of hybrid PV/diesel/battery in ship power
system. Applied energy. 2015;158:26-34.

[13] Tang R, Wu Z, Li X. Optimal operation of photovoltaic/battery/diesel/cold-ironing hybrid energy system
for maritime application. Energy. 2018;162:697-714.

[14] Project KS. Key Facts About Yara Birkeland - The World’s First Zero Emission, Au-
tonomous Container Feeder; 2020. https://www.kongsberg.com/maritime/support/themes/

autonomous-ship-project-key-facts-about-yara-birkeland/.
[15] Kortsari A, Mitropoulos L, Heinemann T, Mikkelsen HH. E-Ferry Project- Prototype and full-scale

demonstration of next-generation 100% electrically powered ferry for passengers and vehicles; 2015.
[16] Carene di Navi Traghetto (Ferry Boat Hull Forms). INSEAN, Istituto Nazionale per Studi ed Esperienze

di Architettura Navale; 1967. In Italian.
[17] Balog I, Podrascanin Z, Spinelli F, Caputo G, Siviero R, Benedetti A. Hourly forecast of solar radiation

up to 48h with two runs of weather research forecast model over Italy. In: AIP Conference Proceedings.
vol. 2126. AIP Publishing LLC; 2019. p. 190004.

[18] Italian Greenhouse Gas Inventory 1190-2019. National Inventory Report. ISPRA, Istituti Superiore per
la Protezione e la Ricerca Ambientale; 2020. In Italian.

https://www.kongsberg.com/maritime/support/themes/autonomous-ship-project-key-facts-about-yara-birkeland/
https://www.kongsberg.com/maritime/support/themes/autonomous-ship-project-key-facts-about-yara-birkeland/

