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Sustainable mobility is one of the most challenging issues for passenger transport inside environmental protected areas and
ecologically fragile environments. To reduce the pollutant emissions, the adoption of electric or hybrid-electric solutions for crafts
propulsion is a suitable option for green navigation. However, the operation in restricted basin leads also to specific critical issues
for the vessel sailing, as dealing with shallow or restricted waters and transit under low air-gap bridges. 'e combination of these
constraints with the adoption of a hybrid-electric propulsion system increases the design difficulties also for a small craft, requiring
the use of advanced simulation models to assess the vessel performances. 'is work presents a simulation model for a small
passenger craft that will operate in the Grado Lagoon. 'e model combines the hydrodynamic issues of manoeuvring and
propulsion in restricted water with the simulation of the electric loads and capacity of the energy storage system installed onboard.
'e simulations performed with the developed simulation system are in accordance with data measured during trials on a
prototype of the vessel.'e developedmodel is a powerful tool for designers in order to rapidly assess the green capabilities of new
projects since the early design stages.

1. Introduction

With the increase in public awareness on environmental
preservation, air pollutants from ship exhaust emissions are
addressed with more andmore attention [1, 2]. Many studies
presented that nitrogen oxides (NOx), sulfur oxides (SOx),
and particulate matter (PM) emitted from international
shipping account for 13%, 12% [3], and 1% [4] of total global
NOx, SOx, and PM emissions, respectively. Moreover, ship
emissions in ports may have a significant impact on local air
quality, population exposure, and, therefore, human health
in harbour cities. Furthermore, it should not be forgotten
that in many areas of the planet, ship traffic does not only
involve sea routes but also inland waterways and, for tourism
purposes, particularly sensitive natural areas such as rivers
and lagoons. Besides, the majority of scientific studies report
ground-based measurements collected at remote inland
observation spots. 'e main consequence of public opinion
is that ships can be considered among the largest source of

air pollution. In particular, air pollutants emitted from ships
in river ports, inland waterways, and restricted basins have a
direct impact on local air quality and pose a threat to the
health of residents, tourists, and animal species [5].

As a result of the importance of the climate change
challenge, the International Maritime Organization (IMO)
has strongly developed and implemented new measures to
address pollutant emissions from ships. However, since
these regulations [6] are de facto compulsory only for ships
that are used for international travel, further standards have
been issued by international, national, and local bodies [7].

'e introduction of this new regulation framework
addressed current research on new design and management
approaches for more efficient and greener propulsion sys-
tems. 'e recent literature reports many technological op-
tions, mainly based on the adoption of hybrid-electric
systems with onboard energy storage systems. For small
passenger crafts, the situation is even more critical once it is
requested to operate close to urban areas or in natural
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reserves. 'e adoption of hybrid-electric propulsion is
particularly suitable in such cases [8, 9], where no high
power demand is necessary due to speed limits in restricted
areas, making the so-called Zero-Emission Mode (ZEM)
possible [10, 11].

'e typical system architecture considers that the
onboard generation system has to satisfy the propulsion and
electrical loads; it consists of thermomechanical and elec-
trical sections. 'e thermomechanical section is typically
made by thermal prime movers, such as Diesel engines,
while the electrical section typically consists of synchronous
machines, supplying AC and/or DC distribution systems
[12]; generally, the whole is accompanied by energy storage
systems, typically batteries. In particular, the presence of
energy storage in the onboard power system can increase the
efficiency of prime movers in order to reduce fuel con-
sumption and pollutant emissions.

'is kind of improvement led to the construction of
passenger crafts for sustainable navigation in protected and
urban areas. However, in order to enable the ZEM navi-
gation, it is necessary to predict the power demand for a
selected route, considering the speed limitations and the
specific environment the vessel has to face.'e navigation in
inland waterways, coastal areas, or in lagoons implies the
operation in restricted waters [13]. Here, the determination
of the propulsive loads is not an easy task. Shallow water has
an impact on both resistance/propulsion and manoeuvring
of the vessel, making a dedicated simulation of the real
working environment necessary for design issues [14]. 'e
determination of the propulsive loads has an impact on the
selection of the energy storage system to be installed
onboard for performing ZEM navigation on a specific route.
'rough this paper, from a campaign of surveys performed
during the trials of a real inland water passenger craft
prototype, a route simulation model for inland and coastal
navigation [15] has been enhanced to include the possibility
to evaluate the state of charge of the battery packs installed
onboard, considering the real power demand during a route.
'e main service routes of the passenger craft have been
simulated to ensure the compliance of the battery packs
capacity with the operative profile of the unit, taking into
account the need to have sufficient energy capacity to fully
perform the service in ZEM profile.

'anks to the validation with trials measurements, the
developed simulationmodel can be considered a reliable tool
for green craft designers to be used in the early design stages
of new projects in order to assess the ZEM performances of
the vessel.

2. Working Environment

A lagoon is presenting a particular environment for navi-
gation. Due to the conformation of the territory, inside a
lagoon, there could be open areas characterised by shallow
water without side limitations and areas where small
channels are present [16]. In the first case, there is also the
possibility to face wind-driven waves developing in shallow
water. In the case of small channels, it is possible to observe
the presence of currents induced by tidal changes or by the

presence of river mouths [17]. All these aspects make the
lagoon environment more difficult to model with respect to
standard inland water cases (rivers, channels, or lakes),
having more issues to tackle for a proper design of a vessel.
In the North Adriatic area, lagoons are quite frequent and
usually include also urban areas, as for example the famous
Venice Lagoon. 'e Grado Lagoon (see Figure 1) is smaller
compared to the one in Venice. However, it presents several
urban areas and touristic points of interest. Moreover, the
Grado Lagoon is also directly connected with small navi-
gable rivers, combining the issues related to pure inland
navigation with specific lagoon ones. Because of the small
dimensions of the lagoon, the formation of waves can be
considered negligible, registering extreme events that are not
exceeding the 0.5 meters of wave height [18]. However, the
aspects related to tide-induced and river-induced currents
cannot be neglected. As mentioned, inside the Grado La-
goon, there are several touristic points of interest that can be
connected with each other by means of a sustainable green
passenger transport system that uses the lagoon waterways.

2.1. Main Routes. Previous studies identified more than one
possible route inside the Grado Lagoon; between them, three
are interesting for passenger transport (see Figure 2). 'e
main hub for the transportation service is the village of
Grado, and the routes connect the village with the touristic
areas of Anfora di Porto Buso (Route 1) and Primero (Route
2) and the archaeological area of Aquileia (Route 3). In
Table 1, the main characteristics of the routes are reported,
highlighting the length, the mean water depth hm , and the
minimum water depth hmin.

Each route presents some peculiarities due to the specific
conformation of the lagoon across the selected tracks and of
the infrastructures that can be located at the route endings.
Route 1 is the longest one. It starts on the main large channel
of the lagoon and develops through smaller channels
characterised by shallow draught but without particularly
heavy side limitations. Moreover, through this route, there is
the possibility to install a shore electricity connection only in
Grado. 'erefore, this route is critical for the determination
of the battery packs capacity. Route 2 is the shortest one and
runs mainly across small narrow channels. Here, the con-
fined water effects are more relevant and could present some
problems related to the manoeuvring ability of the vessel
rather than range. Route 3 is particular because to reach
Aquileia, the final part is inside a narrow river. However, in
this case, the main issues are related to the manoeuvrability
of the vessel. 'e range issue is negligible, being possible to
install a shore connection also in Aquileia. Based on these
considerations, Route 1 has been identified as the most
critical for the vessel operation in ZEM navigation. 'ere-
fore, Route 1 has been selected by operators for the first tests
on the passenger craft prototype.

3. Passenger Craft

As a reference case for the study, an 11-meter inland-water
vessel for the passenger transport inside the Grado Lagoon
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has been considered (see Figure 3). 'e environment the
unit has to face during his operational life leads to the
necessity to have a shallow draught and, consequently, to not
lose internal space, a flat bottom. However, the vessel was
designed to sail also in unlimited waters, possibly reaching a
top speed above 10 knots. 'ese two issues refer to totally
distinct hydrodynamic regimes that have different hull
forms as an optimal solution. As a result, the final hull form
is a compromise between the two duties the unit was
supposed to perform. In Figure 4, the body plan allows

seeing how the combination of the two operating profiles led
to a hull form with a narrow waterline entrance angle to
reduce wave-making resistance, combined with a small
draught to avoid groundings in shallow water. Because of
relatively high design speed, the aft-body presents a deeply
immersed transom that is not ideal for sailing at low rates in
shallow water. In the aft-body also a skeg is present, to grant
course keeping stability to the vessel. Table 2 summarizes the
main characteristics of the vessel and in Figure 5, an
overview of the general arrangement is given.

Figure 1: Overview of the Grado Lagoon.

Grado

Primero

Aquileia

Anfora di
Porto Buso

Figure 2: Routes of interest for passenger transportation in the Grado Lagoon.

Table 1: Main characteristics of the passenger transportation routes.

ID Route Length (km) hm (m) hmin (m)
Shore connection
Start End

Route 1 Grado-Anfora di Porto Buso 13.0 4.10 2.10 Yes No
Route 2 Grado-Primero 9.5 3.80 1.80 Yes No
Route 3 Grado-Aquileia 12.5 4.00 1.50 Yes Yes

Journal of Advanced Transportation 3



3.1.PropulsionandIntegratedPowerSystem. 'enecessity to
operate with a shallow draft did not allow to install a
conventional propulsive system with shaft lines, propellers,

and rudders. Instead of standard solution, a configuration
with two electric steerable pods has been mounted onboard,
having a fixed pitch three-bladed propeller with a diameter
of 0.4meters. 'e adoption of this kind of system implies to
use a dedicated modelling for the propulsors, which is
different from standard propeller case and is necessary to
estimate with proper accuracy the propulsion power de-
mand during transfer. 'e need to have a green profile for
the vessel, suggested the adoption of a fully electric solution
for the propulsion system. 'e Integrated Power System
installed onboard satisfies the preliminary energy require-
ments, determined by a rough estimate of the loads due to

Figure 3: 'e prototype of the small passenger craft analysed in this study.
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Figure 4: Body plan of the small passenger craft, showing the longitudinal buttocks (top), the transversal sections (middle), and the
waterlines (bottom).

Table 2: Main characteristics of the passenger craft.

Length overall LOA 11.000 m
Length between perpendiculars LBP 10.000 m
Length waterline LWL 10.504 m
Breadth at design draught B 2.769 m
Design draught T 0.496 m
Displacement (ρ�1.0 t/m3) Δ 9.200 t
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the auxiliaries installed onboard. In such a case, the loads to
add to propulsion are due to the manoeuvring system, the
controls, and the battery chargers. Manoeuvring loads, es-
timated around 0.5 kW, can be added to propulsive ones.
Concerning the control ones, they are not relevant and refer
to an independent low voltage 24V circuit connected to a
dedicated battery. For the first sizing, designers adopt a
propulsive load of 1 kW at 3 knots and 7 kW at 6 knots,
assuming deep-water conditions.

According to the above initial considerations, the IPS
provided by an external supplier for the passenger craft results
in a LowVoltage DC (LVDC) distribution system, selected for
the fundamental easiness of the battery packs installation. A
48V DC bus voltage connects the following subsystems:

(i) Diesel generator with a power of 16 kW
(ii) AC/DC power converter to interface the Diesel

generator with the LVDC bus
(iii) 2 battery packs providing 1124Ah and 53.95 kWh
(iv) 2 battery chargers to recharge batteries from both

the onboard generator and the shore plug-in
(v) 2 DC/AC power converters to supply the electric

propulsive motors of the steerable pods (12 kW
each)

(vi) 2 DC/AC power converters to supply electric power
to the pods steering system

(vii) 2 contactors to configure the IPS

Figure 5: General arrangement plan and longitudinal sections.
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An overview of the IPS is shown in Figures 6 and 7,
highlighting that with the coordinated action of the two
contactors, different operational profiles can be obtained:

(i) Battery charge at the shore
(ii) Propulsion with battery charge
(iii) ZEM propulsion

'e design target for the propulsion system is the ZEM
navigation. For this purpose, the designers dimensioned the
battery package to ensure the ZEM navigation of the Grado-
Porto Buso track for four travels. As reference speed, the
designers considered a constant mean value of 5 knots, also
keeping a constant water depth of 2 meters. 'is leads to an
estimation of the battery discharge of about 25% per each
travel. 'is kind of assumption is simplistic since the vessel
speed and the water depth change within the travel. For this
purpose, to have a better evaluation of the power demand
and, therefore, of the battery state of charge, it is necessary to
build a more detailed simulation model of the passenger
craft.

4. Route Simulation Model

As mentioned, the passenger craft has been designed and
dimensioned according to general guidelines, and no specific
simulation has been carried out during the concept design
stage. In this section, the main details of the manoeuvring
model for shallow water and the modelling of the propulsive
drive will be described. An overview of the global simulation
system is given in Figure 8, while the detail of the vessel
simulation model is reported in Figure 9.

4.1. Manoeuvring Model. To capture and reproduce the
behaviour of the vessel during the service along a specific
route, it is necessary to simulate not only the standard fully
ahead conditions (as performed in the early design phase of
the vessel) but also all the intermediate states that arise
during turning operations. For such a reason, at least the
three degrees of freedom (3DOF) dynamics of the vessel on
the horizontal water-plane should be described. Here, the
following equations have been used to describe the vessel
motions on the horizontal plane:

m + muu(  � mrv + X,

m + mvv(  _v + mrv _r � −mru + Y,

mrv + Iz + mrr(  _r � N,

⎧⎪⎪⎨

⎪⎪⎩
(1)

where m is the vessel mass, Iz is the moment of inertia
around z-axis, u and v are the velocity components in x- and
y-direction, r is the velocity of rotation around z-axis, and
mij (with i,j in [u, v, r]) are the added masses and added
moments of inertia. In equation (1), the forces X, Y and the
moment N are expressed with reference to the centre of
gravity G according to the reference system of Figure 10. In
conventional manoeuvring models, the X, Y forces and N
moment are divided into the specific contributions given by
the hull, propeller, and rudder. Here, the vessel is not
equipped with a conventional rudder plus propeller

propulsion system but with a steerable pod. 'erefore, the
contributions of the propeller and of the submerged part of
the pod can be considered as a single combined force,
modifying the system in equation (1) as follows:

m + muu(  � mrv + XHull + XPod,

m + mvv(  _v + mrv _r � −mru + YHull + YPod,

mrv + Iz + mrr(  _r � NHull + NPod.

⎧⎪⎪⎨

⎪⎪⎩
(2)

'e pod forces can be modelled starting from standard
propeller curves and then corrected to simulate the presence
of the pod housing with the same method that is used to
model steerable thrusters in dynamic positioning applica-
tions [19]. 'e equations inside system (2) are integrated
with a 4th order Runge-Kutta method considering a fixed
time step Δt of 0.01 seconds, sufficient to capture the vessel
dynamics adequately.

4.2. Hydrodynamic Forces. A detailed and accurate de-
scription of the hydrodynamic forces is essential to have a
reliable simulation method for the passenger craft. In par-
ticular, once a manoeuvring simulator has to be developed,
both the resistance in straight-ahead condition and the
forces rising up during the manoeuvre have to be predicted.
In this specific case, considering the working environment in
a lagoon, the prediction of the hydrodynamic forces is
complicated by the additional effect of shallow and restricted
waters. 'e developed model can manage hydrodynamic
forces evaluated in different ways, starting from empirical
methods [20] up to the adoptions of forces derived from
CFD calculations [21]. In any case, the hydrodynamic forces
have to be inserted inside the system in equation (2)
according to the following nondimensional formulations:

XHull′ � X _u
′ _u + Xu
′ u′ − u0′( , (3)

YHull′ � Yv
′v′ + Yr
′r′ + Yv|v
′ v′ v′


 + Yv|r
′ v′ r′


 + Yv|r
′ v′ r′




+ Yr|r
′ r′ r′


,

(4)

NHull′ � Nv
′v′ + Nr

′r′ + Nv|v|
′ v′ v′


 + Nv|r|
′ v′ r′


 + N|v|r
′ v′


r′

+ Nr|r|
′ r′ r′


,

(5)

where the Xi
′, Yi
′, and Ni

′ are the nondimensional hydro-
dynamic derivatives that can be evaluated from empirical
methods or derived fromCFD calculations.'e dimensional
hull forces to be inserted into equation (2) are then obtained
as follows:

XHull �
1
2
ρV

2
L
2
XHull′ , (6)

YHull �
1
2
ρV

2
L
2
YHull′ , (7)

NHull �
1
2
ρV

2
L
3
NHull′ , (8)
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Figure 6: Rendering of the IPS system.
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whereV is the vessel speed, ρ is the water density, and L is the
vessel length. If a shallow water case should be investigated,
then the derivative of equations (3), (4), and (5) should be
properly corrected [22]. CFD calculated derivatives do not
need to be further correct since the calculations already
include shallow-water modelling.

Equation (3) refers to manoeuvring forces only, which
means the total resistance RT at the considered speed should
also be added to the equation. Also, for the resistance, the
statistic method can be used for a first estimation and
corrected for shallow water effects. In the case of CFD
derived curves, no correction is needed.

In the present study, use has been made of CFD com-
putations for the determination of both shallow water
manoeuvring forces and resistance.

In case of having an extra current present in the water, it
has an effect only on the viscous part of the resistance of the
ship, which means that a counteracting current has no effect
on the wave-making resistance of the vessel. In such a case,
RT is corrected considering also the restricted water effect
according to the implemented methods [23, 24]. 'e current
is also influencing the manoeuvring forces, so the speed
considered in equations (6), (7), and (8) is considering also
the current effects.
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Figure 8: Global simulation model diagram.

Simulation
data

Position

SOC

Load

Batteries

Vessel
dynamics

Hull
forces

Propellers
forces

Electric
motors

Hull
data

Environ.
constraints

Pod
angle

PS
rpm

SB
rpm

Figure 9: Vessel simulation model diagram.

8 Journal of Advanced Transportation



4.3.Autopilot, Steering, andRevolutionsControl. To simulate
the routes, a simple autopilot model has been implemented.
'e route is discretized with a number of waypoints the
vessel has to follow. 'e waypoints are univocally identified
with latitude and longitude values. 'e first waypoint is the
starting position of the route, associated with the initial state
of the vessel, which means the initial speed heading and the
initial state of all the actuators and devices onboard. Besides
the waypoints, it is necessary to provide the autopilot with a
speed profile that has to be followed. Speed profile can be
imposed with a time-dependent function or with a discrete
array selecting the target speed between two consecutive
waypoints. 'rough this study, the second option has been
selected to perform the route simulations. 'e autopilot
algorithm then evaluates the heading that is necessary to
reach the next waypoint and the associated target speed.
Once the vessel reaches a distance less than the vessel LOA
from the waypoint, the autopilot automatically selects the
next waypoint as a target. 'e simulation stops when the last
waypoint is reached.

As mentioned, the autopilot gives as output a target
heading and a target speed.'ese two values are transmitted
to the steering system and propulsive drive. Each system is
composed of two controllers of PID type [25]. 'e control is
based on the instantaneous error e, determined by the
difference between the actual value and the required one at
each simulation time step. 'en the correction Δx to the
actual value is evaluated according to the following
formulation:

Δx � Kp(e) + Kd( _e) + Ki 
T

0
e(t)dt, (9)

where Kp, Kd, and Ki are the control constants proportional
to the error, to the derivative, or to the integral of the error e,
respectively. For the passenger craft under analysis, several
tests have been carried out to tune the parameters necessary
to reproduce the steering device performances and the drive
system.

4.4. IPSModel. To enhance the detailed hydrodynamicmodel
developed for the passenger craft, simplified modelling of the
IPS has been added to the simulation. 'e simplified model is
oriented to evaluate the global power flow in the system,
associating the state of charge of the battery packs to the
effective power demand of the propulsors during ZEM
navigation. For such a reason, only the components involved
in the ZEM navigation profile have been considered: the
motor drive and the battery packs. 'e developed model is
based on the power balance principle on different elements,
considering the efficiencies of each component according to
data supplied by the manufacturers.

'is kind of modelling has been selected mainly for two
reasons. First, the adoption of more complex methods to
simulate the electrical system requires the knowledge of
more details on the components that are not available and
specific competencies that are far from the scientific and
technical background of the authors. Second, a more de-
tailed model requires the adoption of a time step lower than
what is necessary for the manoeuvring one, increasing a lot
the total calculation time needed for a complete route
simulation.

'e two battery packs are composed of 12 lead-acid
battery elements of 2V and 600 Ah each connected in series.
'e adopted modelling [26] is making reference to the
battery discharge mode, expressing the nonlinear voltage of
the batteries as follows:

Ebatt(t) � E0 − K
Q

Q − 
t

0 i dt
i
∗

− K
Q

Q − 
t

0 i dt


t

0
i dt,

(10)

where E0 is the constant voltage, Q is the maximum battery
capacity in Ah, i is the battery current in A, K is a polarization
resistance in Ω, and i∗ is a low pass filtered current. 'en the
state of charge (SOC) of the battery can be evaluated at each
time step according to the following formulation:

SOC � 100 1 −
1
Q


T

0
i dt , (11)

To tune the battery model, use has been made of the
discharge diagrams of the batteries. In Figure 11, the
nominal discharge characteristics of the batteries installed
onboard are reported together with the simulated data with
the above-mentioned model. 'e results show a good
matching between the two curves.

With respect to the electric motor, use has been made of
the efficiencies provided by the manufacturer as a function
of load. In such a way, it was possible to convert the propeller
absorbed power evaluated in the manoeuvring model in
electric power for the electric model.

4.5. Model Validation. 'e developed route simulation
model is complex and combines several aspects of the
passenger craft, related to propulsion and electrical system.
Moreover, due to the author’s background as naval archi-
tects, the level of detail for the different issues of the sim-
ulation is different, giving more emphasis to the

O0 x0
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y

x

u

U

ψ

δ

O
r

G
v

β

Figure 10: Reference system adopted for the simulations.
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manoeuvring and hydrodynamic part with respect to elec-
trical components. However, it is necessary to understand
the reliability of the developed model. For this purpose, use
has been made of data measured on a prototype of the small
passenger craft, sailing on the route between Grado and
Porto Buso. 'e trials have been executed at the design
draught, corresponding to the main dimensions already
reported in Table 2. During the trial, onboard data have been
recorded with respect to position, speed, absorbed power,
and state of charge of the batteries. 'e position is measured
with the GPS, while the other data comes from lectures of the
onboard instrumentation. 'e same route has been simu-
lated with the developed models, setting as input parameters
the tidal level measured that day and imposing the speed
profile used during the test.

In Figure 12 a comparison is presented between the
measured and the simulated data for the selected route. In the
specific, the track, the speed, the absorbed power, and the
battery SOC are reported. 'e speed profile of the passenger
craft is well reproduced because the measured data were
imposed as input for the simulation at the corresponding
waypoints. What is important is that the simulation of the
absorbed power, derived from the hydrodynamic model
coupled with electric engine efficiency is almost in line with
the measured data. Also, the SOC of the batteries is in good
agreement with measured data, even though the proposed
model for the electrical system is a simplified one. 'e ob-
tained data are quite in agreement with the simulated one,
giving enough confidence about the reliability of the proposed
method.

4.6.Route SimulationsResults. 'e comparison of the results
between simulated data and trials highlighted that the
simulation model is suitable to investigate more in detail the
future service that the passenger craft will face. 'e trials
were performed with a special agreement with the Coast

Guard, allowing the vessel to not respect the speed limits
inside the lagoon. However, when the vessel performs the
transportation service, it will be subjected to speed limita-
tions of 6 knots in large channels and 3 knots in small ones.
To investigate how the vessel will perform in the future
operating profiles, the developed simulation tool can be used
to evaluate the passenger craft performances. On this purpose,
the limits due to the speed limitations have been imposed on
all the three selected routes. In particular, for Route 1 the first
part of the track can be performed with amaximum speed of 6
knots. 'en, when the vessel is entering in the small channels
the speed target is reduced at 3 knots. For Route 2, the first
and the last segments of the track can be performed at 6 knots.
'e intermediate part has to respect the limit of 3 knots
because of the speed limitations but also because of the
narrow channels. For Route 3, the first segment is the same as
per Route 1 on the main channel of the lagoon, considering a
maximum speed of 6 knots.'en the route continues through
the main channel at 6 knots while entering into the Natissa
river. Here the target speed should be reduced to 3 knots. All
the routes have been simulated considering the lowest tide
level that is possible to face in the lagoon, considering a
counteracting tidal current of 0.5 knots in such a way to
simulate the worst possible case for the passenger transport
service.

'e simulations results are presented in Figures 13–15
for Route 1, Route 2 and Route 3, respectively. In the figures,
the data corresponding to the absorbed power, the vessel
speed, and the batteries SOC are shown. For Route 1, it is
interesting to note how the speed profile imposed by the
speed limitations in the lagoon influences the SOC of the
batteries with respect to the tests performed on the same
track. It can be noticed that the total travel time is increased
from 1 hour and 22minutes to 1 hour and 56minutes, with a
lower average speed. However, the batteries SOC is lower in
the new simulation, with a final value of 83.63% compared to
87.93% of the trial simulation. 'is suggests that adopting a
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Figure 11: Comparison between nominal current discharge characteristics of the batteries installed onboard and the simulated data.
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target speed profile as per the speed limitations inside the
lagoon is not optimal for vessel range. 'is should be further
investigated in future studies focused on it.

With respect to the other simulated routes, it can be
stated that the final SOC is always higher than the case of

Route 1. Concerning the manoeuvring ability, the vessel was
able to follow the established track without problems.
According to the predicted SOC during the preliminary
design of the vessel, the final SOC at the end of the con-
sidered routes was supposed to be 75%, so probably the
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battery package installed onboard is somewhat oversized for
the vessel duties in the specific environments. However, the
determination of the effective SOC at the end of the route
can give aid for the planning of the on-shore recharges.

5. Conclusions

'e adoption of a fully electric solution is a good choice for
enabling sustainable navigation in a protected environment
and can be used for the transportation of passengers inside
restricted water basins. 'e particular environment com-
posed of shallow waters and narrow channels led to the need
of proposing a sufficiently accurate simulation model to
capture the hydrodynamic effects on the vessel manoeu-
vrability and to predict the absorbed power and battery pack
state of charge.

In this paper, a model has been proposed for the sim-
ulation of both the cited issues and has been tested on a small
passenger craft that operates in the Grado Lagoon. 'e
model is in accordance with the measurements performed
on the vessel prototype, both with respect to manoeuvring
performances and energy demand.

Based on the validated model, all the routes of the vessel
have been simulated, establishing the effective range of the
passenger craft during the operational duties. 'e analysis of
the obtained results for Route 1 highlights that the speed
profile requested for operation gives less performance with
respect to the speed profile adopted during the trials in the
same conditions. 'is suggests that a further step can be
done to find an optimal speed profile to optimize the range
of the vessel on the selected routes.

'e simplifications of the electrical system modelling
are, for sure, a limitation to the accuracy of the electrical part
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of the model. Further study can be performed in this sense to
improve even more the capability of the simulation tool
developed for the passenger craft.

In conclusion, despite the assumptions considered in the
electrical part of the simulation model, it can be stated that a
new design tool has been set up in order to give a fast and
reliable assessment of the ZEM performances of a vessel,
since early design stages.
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