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Abstract

This study evaluates the environmental benefits of retrofitting conventional diesel-powered
waterbuses in Venice with a series hybrid electric powertrain comprising three generator
sets and dual electric propulsion motors. Using real-world operational profiles recorded
during typical passenger service, a quasi-static simulation model was developed to assess
energy and emission performance. Real-world speed and torque data were collected from
a conventional waterbus during regular passenger service to accurately reflect real opera-
tional conditions, including driver behavior and the sea state. These profiles were used as
inputs to a quasi-static simulation model to assess the hybrid system’s energy efficiency and
emission performance. Dynamic programming was applied to derive emissions-optimal
control strategies, targeting trade-offs between nitrogen oxides (NOx) and unburned hy-
drocarbons (HC). The results demonstrate emission reductions of up to 31% in NOx and
15% in HC, confirming the strong potential of hybridization for urban maritime transport.
The paper also examines component-level behavior under optimal control and discusses
practical considerations for implementing these strategies in real-time applications. These
findings support the strategic value of hybrid retrofitting and fleet renewal for reducing the
environmental footprint of passenger ferries and improving air quality in sensitive coastal
urban environments.

Keywords: hybrid ship; EMS; dynamic programming; optimal control; emissions; pollution

1. Introduction
The shipping industry is a major contributor to global emissions, impacting both

with greenhouse gas (GHG) emissions that accelerate global warming and with health-
endangering agents, including sulfur oxides (SOx), nitrogen oxides (NOx), particulate
matter (PM), and hydrocarbons (HC) [1]. Stricter emissions regulations [2] pushed tech-
nological improvements such as synthetic fuels, exhaust gas post-treatment, and hybrid
electric powertrains. The latter seems to be a promising solution, especially for short-
sea passenger ships. However, the effectiveness of hybrids relies heavily on a properly
designed control strategy which in turn requires a deep understanding of the vessel’s
powertrain and its operational requirements.

This study focuses on a new hybrid electric powertrain architecture for a waterbus
used in Venice, one of the busiest coastal areas in the world in terms of passengers. The
potential reduction in pollutant emissions is evaluated through simulation and optimal
control methods.
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1.1. Air Pollution in Venice

Nearly 70% of maritime emissions are estimated to occur within 400 km of land [3].
For this reason, the impact of these substances is more evident on the air quality of densely
populated port cities, raising significant concern for the health of local inhabitants. On
average, shipping emissions contributed to 8% of the population exposure to primary
PM2.5, 16.5% to NOx, and 11% to SOx in Europe [4]. Venice and its lagoon, a UNESCO
World Heritage Site since 1987, faces similar environmental challenges. Pollutant emissions,
particularly PM10 and NOx emissions, have exceeded the annual limit value multiple times
in recent years [5]. This situation has drawn increasing attention from local authorities
and the international regulatory framework. In particular, the International Maritime
Organization (IMO) has adopted progressively stricter emission limits under MARPOL
Annex VI, including the designation of Emission Control Areas (ECAs). The Mediterranean
Sea was recently approved as a Sulphur ECA (SECA), with enforcement beginning in
2025, setting a maximum sulfur content of 0.1% in marine fuels [6]. While NOx limits
vary depending on engine tier and ship construction date, proposals for the creation of a
Mediterranean NOx ECA are gaining traction. These developments highlight the strategic
importance of hybrid retrofitting as a proactive compliance measure for passenger fleets
operating in this sensitive region.

Because of its characteristics, boats are the primary means of transportation in Venice
for the local inhabitants as well as around 4.5 million tourists every year [7]. Furthermore,
recent studies have confirmed that the local public transport network is responsible for
a large part of all emissions in the city [8]. This large impact is not surprising as the
public transport authority, ACTV Spa, operates a large fleet of both water and land buses,
owning around 570 buses, 20 trams, 150 boats, and 150 floating pontoons. The waterborne
transport service alone has 27 routes with a total length of approximately 230 km and serves
145 million passengers per year for a total of 535,000 h of navigation. In order to reduce its
impact on air quality, the company is planning to renovate its fleet with new hybrid electric
vessels. This transition will also enable the company to comply with regulations and adapt
to technological advancements, enhancing long-term viability and competitiveness.

1.2. Overview of Waterbus Hybridization

Contrary to popular belief, electric ship propulsion has been widely adopted since at
least the 1990s, mainly in cruise ships and capital naval ships [9]. These ships, which still
rely on internal combustion engines as the primary source of power, are in effect hybrid
ships. However, these propulsion systems are primarily aimed at better maneuverability in
ports, thanks to the rapid response characteristic of electric motors and the ability to use
Azimuth thrusters with in-hub motors.

Recent developments in high-power density batteries and improved power electronics
in the transport industry have led to new forms of hybridization being applied to tugs,
offshore vessels, and ferries. However, the industry’s ability to respond quickly to these
new trends is hindered by the limited research available in the open literature.

A modern ship with a conventional architecture typically consists of a prime mover
which drives the propeller through a mechanical transmission. These prime movers are
typically diesel or gas engines, optimized for the highest fuel efficiency when the vessel’s
speed is between 80% and 100% of its top speed, or during 90% of the ship mission. For
this reason, mechanical propulsion with internal combustion engines remains the preferred
architecture for ships that sail at a consistent cruise speed most of the time, such as cargo
ships, cruises, and tankers. This is because a purely mechanical transmission has the lowest
transmission losses since there is no power conversion involved.
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However, conventional boats have drawbacks such as limited maneuverability, high
dynamic engine loading, and very low efficiency at less than 70% of design speed, which
also results in high emissions [10]. Electrification can be useful for missions with highly
varying speeds, frequent maneuvering, and those that must operate in low-emissions zones.
A hybrid electric vessel uses a combination of diesel engines and batteries.

A parallel hybrid configuration uses hybrid mechanical-electric propulsion, composed
of an electrical motor/generator coupled to the same mechanical propulsion system of the
conventional architecture. This is also referred to as hybrid propulsion with a hybrid power
supply. The series hybrid architecture, also known as electrical propulsion with a hybrid
power supply, uses electrical propulsion with an electric motor that drives the propeller
and a generator unit powered by a diesel engine.

The main advantage of using a hybrid powertrain is load leveling: engines operate at
constant, efficient working points most of the time, while batteries handle power peaks and
fluctuations. This results in lower emissions and fuel consumption. Series hybrids enable
greater flexibility than parallel hybrids because the speed of the engine is not tied to the
speed of the propeller. Therefore, the operating point of the engine can be optimized and
stabilized independently of the vessel’s propulsion.

Hybrid ships also benefit from reduced maintenance, enhanced responsiveness, and
improved control, especially in critical situations such as docking and maneuvering in con-
gested waterways. Many municipalities are implementing green policies and demanding
cleaner vessels, and nowadays around 200 electric or hybrid ferries are operating in Europe.
Significant examples are summarized in Table 1. However, fully electric architectures were
discarded by the company due to the need for long charging sessions and the lack of
available space for the installation of the charging infrastructure.

Table 1. Examples of hybrid and fully electric ferries.

Name WaterBus 2907 [11] GVB Amsterdam [12] NB1700 Medstraum [13] Ampere [14]

Type Hybrid Hybrid Full electric Full electric
Year 2020 2017 2022 2015
Dimensions (m) 28.65 × 7.50 34 × 9 30.4 × 9 80 × 15
Capacity 75 People, 65 bikes 310 People 147 people, 20 bikes 400 people, 120 cars
Route Any kind 4 min sail, 2 min docks N/A 20 min, 6 km
Propulsion 2 × 375 kW EMs 1 × 522 kW 4 × 133 kW John Deere, 2× Alconza Berango 2 × 450 kW EMs

Scania DC16 2 × 250 kW Oswald PM EMs Wartsila, 550 kW EM
Battery 2 × 84 kWh Toshiba LTO 2 × 68 kWh Corvus 1.5 MWh 1040 kWh Li-ion

EST-Floattech Li-Ion

1.3. Energy Management Strategies for Hybrid Ships

One of the most important aspects that determine whether the full potential of a
hybrid ship can be achieved in practice is the control strategy. Unfortunately, while a wide
body of research was published covering the control of hybrid vehicles for automotive
applications, works related to marine applications are still limited in number.

The goal of an energy management strategy (EMS) is to manage the power sources,
such as diesel engines and batteries, to meet the total instantaneous load most effectively.
It is also referred to as supervisory control because it processes information from the ship
and outputs set-points for the individual components to their primary control layers. The
EMS typically defines the set-points for the engine, electrical machine, and battery. Then,
each component has its own primary or low-level control layer, which is responsible for
realizing these operating points (for example, in the case of diesel engines, by controlling
the injection system). In essence, for a series hybrid powertrain, the EMS is responsible for
setting the speed and torque (or power) of the engines and generators, the torque of the
electric motors, and the battery current [15–17].
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The EMS is the core of a hybrid powertrain, and only recently has its design been
investigated and applied in maritime applications. Many approaches and techniques are
being used in the automotive industry. They are typically divided into rule-based methods
(relying on expertise and intuition) and model-based optimization methods (relying on
global optimization algorithms) [15]. EMS design is a very broad research topic and many
optimization-based techniques have been proposed that are suitable for on-line imple-
mentation, including equivalent consumption minimization strategies (ECMS) [18–21],
reinforcement learning-based solutions [22–25], and model predictive control [26–28]. In
addition to these, off-line methods such as dynamic programming (DP) and Pontryagin’s
minimum principle [15,16] are typically employed to obtain design-optimal EMSs, which
can be used to benchmark real-time strategies and for powertrain optimization.

There are several examples in the literature related to the design of optimization-based
EMSs for marine vessels. Kalitzakis et al. [29] developed an ECMS for a series-parallel
hybrid tugboat in order to minimize fuel consumption and found that it performs 5% to 10%
better than a charge-sustaining rule-based controller and only 1–2% worse than the global
optimum, which was obtained with dynamic programming. Dedes et al. [20] investigated
the use of an ECMS for slow-speed, ocean-going ships with different series-parallel hybrid
concepts and found that a fuel consumption reduction of up to 5.8% could be obtained.
Considering a more sophisticated energy storage system, Ref. [30] presents a fuel-optimal
ECMS for a series hybrid with diesel generators, batteries, and ultracapacitors.

Other studies also include economic considerations in defining the optimization target.
For example, Ref. [31] used a dynamic programming algorithm to minimize operating costs,
including both the fuel cost and other variable costs related to the utilization of the diesel
generators (such as lubrication and maintenance). Similar approaches for EMS design
have also been used for hybrid powertrains using fuel cells. Wu et al. [32] developed a
dynamic programming-based algorithm to control a plug-in fuel cell/battery ferry in order
to minimize the voyage cost, including hydrogen cost and shore electricity costs as well as
fuel cell and battery degradation costs. In a similar approach, a co-design framework is
developed in [33], where the EMS layer uses mixed-integer linear programming (MILP) to
obtain control strategies that minimize both hydrogen consumption and degradation costs
for the fuel cell and battery.

All the aforementioned works address fuel consumption and, possibly, considerations
related to operational costs. Unfortunately, little to no research has been published related to
EMS design for pollutant abatement of diesel-powered hybrids. In [28], MPC was applied
to control the e-machine in a parallel hybrid test-bed in order to reduce pollutant emissions
during transients. One notable contribution is the work by [34], where a nonlinear MPC
framework is developed to minimize fuel consumption and NOx emissions for a parallel
hybrid powertrain. The framework also includes a prediction model for the operators’
command and a propeller observer to estimate load disturbance, and is thus highly suitable
for online implementation.

Regarding the case of Venice, our previous work in [35] confirmed the benefits of
using a series hybrid architecture rather than a parallel one to reduce emissions for a small
waterbus operating mostly within the city’s narrow canals; this is significantly different
from the vessel investigated in this study, which is a larger waterbus (comparable to a
small-sized passenger ferry) to be used in the open waters of the lagoon to connect different
islands. This difference in operational requirements has an impact on the performance of
the hybrid architectures.

In summary, while the potential for a reduction of greenhouse gas emissions with
marine hybrid powertrains has been addressed by many works, there is currently a lack of
published research about their potential for pollutant abatement. It appears that almost
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all published works rely on energy management strategies that are only focused on fuel
consumption (and therefore CO2) or operating costs, without considering other pollutants.
Furthermore, the application of hybrid powertrains for improving the air quality in short-
sea passenger transport has been explored little.

1.4. Main Contributions

This study aims to assess the environmental benefits of replacing the conventional
diesel-powered foraneo waterbuses with a series hybrid architecture, whose preliminary
design was developed by ACTV. A simulation model was developed using a quasi-
static approach for a series hybrid powertrain featuring two electric motors coupled to
two propellers, three diesel-powered generator sets, and an LFP battery pack. The simula-
tion model includes component-level submodels and allows for evaluating battery usage,
fuel consumption, and pollutant emissions given an operating mission and a hybrid control
strategy. With this model, a dynamic programming algorithm was used to design the
energy management strategy.

The main contributions of this article can be summarized as follows:

• Simulation of a complex series hybrid waterbus for emissions abatement. Hybrid
powertrains have a high potential for improving the air quality of coastal areas and
inland waterways. This study relies on state-of-the-art modeling techniques and
experimental operational profiles to assess these benefits in the context of a public
transportation network in the Venice Lagoon, a densely populated urban area.

• Assessment of a hybrid architecture with different emission-optimal control strate-
gies. The simulation model was coupled with a dynamic programming algorithm
to obtain global optimal control strategies. Different control strategies targeting dif-
ferent trade-offs of HC and NOx emissions were obtained; at the same time, fuel
consumption was also evaluated. The results provide performance limits for the
hybrid architecture with respect to different pollutant-reducing objectives.

• Recommendations for EMS implementation. Analyzing the behavior of the gen-sets
and of the battery pack, valuable insight is gathered from optimal control trajectories
on how to design an effective real-time EMS to reduce emissions. Also, some compu-
tational aspects are discussed related to the formulation of the control variables of the
system. The discussion has practical implications for similar applications of optimal
control methods to series-hybrid powertrains and for the development of real-time
control strategies.

The rest of the article is organized as follows. First, the operational requirements and
the architecture of the current conventional waterbus are analyzed. Next, the simulation
model that was developed for the hybrid architecture is presented, and the implementation
of the dynamic programming algorithm is detailed. Finally, simulation results with different
emission-reducing strategies are presented and discussed.

2. Current Waterbus and Experimental Mission Analysis
The vessel under consideration in this work is a waterbus operating on line 12 within

the Venice Lagoon’s transportation network. The service connects Venice’s main island
with a peninsula (litorale del Cavallino) which divides the Venetian lagoon from the Adriatic
Sea, through the islands of Murano and Burano, as shown in Figure 1. The line includes
seven stops and covers 16 km in about 1 h. The service is active every day from about 04:00
to 23:41, with exceptions due to festivities and seasonal variations; the trip from Treporti
to Punta Sabbioni is only served on selected runs. Currently, the service is operated with
conventional foraneo waterbuses, powered by two diesel engines. The foranei are relatively
large waterbuses, with an overall length of 30.4 m, a gross tonnage of 100, and carrying up
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to 400 passengers. One such vessel is depicted in Figure 2 and its main characteristics are
summarized in Table 2.

Fondamenta nove

Murano Faro

Treporti

Punta Sabbioni

Litorale del CavallinoVenice

Torcello

Mazzorbo

Burano

Figure 1. The route covered by line 12 with selected stops.

Figure 2. Drawing of a foraneo waterbus [36].
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Table 2. Main characteristics of the conventional waterbus.

Name Foraneo waterbus 400 series
Length overall 30.40 m
Passengers 400
Year 2000
Moulded breadth 5.65 m
Crew 2
Gross tonnage 100
Propulsion 2 × 147 KW diesel engines

Time profiles of the speed and power output for the two engines were available for
two missions: a whole day of operation from 7:00 to 19:50, and a second one lasting 1 h
from the Fondamente Nove stop to Treporti, which represents the typical route the waterbus
performs most frequently in a round-trip. During 12 h of operation, the waterbus is
docked with the engine idling for 16% of the time. Moreover, 40% of the time is spent
cruising with the engines providing 80% of their rated power (Figure 3). The availability
of experimentally acquired profiles represents a significant advantage for the modeling
and simulation of the marine hybrid powertrains. Unlike theoretical or assumed duty
cycles, these profiles ensure a high level of realism in system-level analyses by capturing
the influence of external factors such as sea conditions and operator behavior. The resulting
fuel consumption and emissions for the conventional waterbus are listed in Table 3.

Engine Power distribution - full day

0 20 40 60 80 100 120 140
Power, kW

0

10

20

30

40

50

P
er

ce
nt

ag
e 

of
 ti

m
e,

 %

Figure 3. Frequency distribution of the engine power output (for one engine) within a full day
of operation.

Table 3. Average fuel consumption and emissions for a conventional waterbus.

Full Day F. Nove–Treporti

Mission duration, hours 12.48 1.03
Fuel, l/h 46.65 47.52
NOx, g/h 1212.16 1053.50
HC, g/h 22.92 20.26
CO, g/h 116.34 103.01

In order to simulate the behavior of the hybrid powertrain, the propeller speed and
torque profiles were derived from the experimental engine speed and torque profiles. These
profiles represent the expected loads and will be used as inputs of the hybrid waterbus
simulation model. The profiles were derived by accounting for losses at the gearbox
(ηgb = 0.97) and an auxiliary load of 5 kW. Furthermore, we observed that the difference
between the two propellers’ profiles, from an energetic point of view, was minimal. Hence,
to simplify the simulation model, we allocated equal speed and torque to each propeller,
averaging the two. The resulting profiles (for a single propeller) can be seen in Figure 4
along with the recorded boat speed profile.



Energies 2025, 18, 4652 8 of 22

0 500 1000 1500 2000 2500 3000 3500
0

200

400

600

Pr
op
el
le
r	s
pe
ed
,	r
pm

0 500 1000 1500 2000 2500 3000 3500
0

1000

2000

3000
Pr
op
el
le
r	T
or
qu
e,
	N
m

0 500 1000 1500 2000 2500 3000 3500
Time,	s

0

10

20

Bo
at
	S
pe
ed
,	k
m
/h

Figure 4. Operational profiles for the Murano–Treporti trip.

3. Hybrid Waterbus Model
The proposed hybrid waterbus is a series hybrid architecture with three diesel genera-

tor sets with a rated power of 125 kW, a 150 kWh lithium-iron-phosphate battery pack, and
two 147 kW electric motors. A schematic of the powertrain can be seen in Figure 5, while a
summary of the main parameters can be found in Table 4.

3×125 kW Genset

150 kWh Battery

DC Bus

2×147 eMotor

2×3:1 Gearbox

Figure 5. Hybrid waterbus powertrain schematic.

The generator sets have variable-speed drives and they deliver electrical power to a
700 V DC bus, using suitable AC/DC and boost converters. The battery is also connected
to the DC bus through a boost converter. The rated power of the electric motors was set to
match the rated power of the conventional architecture’s thermal engines to ensure that the
same mission could be performed. This means that the series hybrid architecture is slightly
better performing at low speed, due to the capability of e-motors to deliver high torque at a
low speed. The propellers are connected to a reversing gearbox, which can act as a motion
inverter when reverse thrust is needed in docking and maneuvering. The electrical power
demand of the electric motors must be met by the battery and the three generator sets.
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Table 4. Main parameters of the hybrid powertrain.

Component Parameter Value

E-Motors Number 2
Rated Power 147 kW
Maximum Speed 6000 rpm

Battery pack Type LFP
Capacity 150 kWh
Rated voltage 360 V

Diesel engines Number 3
Rated Power 125 kW
Idle speed 800 rpm
Maximum Speed 2300 rpm

Generators Number 3
Rated Power 125 kW
Maximum speed 6000 rpm

3.1. Reversing Gearbox

First, the propeller speed and torque are processed by the gearbox model, which
has a reduction ratio of τgb = 3. Frictional losses were modeled with a constant ef-
ficiency ηgb = 0.97. Moreover, the contribution of inertia, with the moment of inertia
Jgb = 1.15 kg m2, was considered. Thus, the gearbox rotational speed, acceleration, and
torque were evaluated as follows:

ωgb = ωpropτgb (1)

ω̇gb = ω̇propτgb (2)

Tgb =
Tprop

τgbηgb
+ Jgbω̇gb (3)

Notice that Tprop was defined to be always positive or null because when braking
power is needed, the gearbox also reverses the propeller’s speed.

3.2. Electric Motor

The electric motors used are asynchronous permanent magnet induction motors
with a rated power of 147 kW. An efficiency map was used to model losses, defining the
electro-mechanical conversion efficiency as a function of the e-machine’s speed and torque.
Additionally, maximum speed and upper and lower torque limit curves were used to
limit the operational envelope. For each motor, the speed and torque ωmot and Tmot were
evaluated as follows:

ωmot = ωgb (4)

Tmot = Tgb + Jmotω̇gb (5)

After obtaining efficiency by the linear interpolation of the efficiency map
ηmot = ηmot(ωmot, Tmot), the electrical power demand was computed as follows:

Pmot,el =
ωmotTmot

ηmot
. (6)

The model also makes sure that the motor speed does not exceed its maximum speed,

ωmot ≤ ωmot,max, (7)
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and that the torque does not exceed the limit torque curve:

0 ≤ Tmot ≤ Tmot,max(ωmot,max). (8)

3.3. Battery

The battery pack was modeled with an equivalent circuit model [37], which was used
to evaluate the evolution of the SOC (denoted here as σ) as a function of the battery power.
The model is characterized by an open circuit voltage vb(σ) characteristic and an equivalent
resistance Req(σ) characteristic, which were obtained by scaling the cell characteristics.

The battery was modeled with an equivalent circuit model [37], as shown in Figure 6,
which was used to evaluate the evolution of the SOC (denoted here as σ) as a function of
the battery power.

Figure 6. Battery equivalent resistance model.

The battery current ib was evaluated as follows:

ib =
voc −

√
v2

oc − 4ReqPb

2Req
, (9)

where the battery power was evaluated as follows:

Pb = ∑ Pmot,el + Paux − ∑ Pgen (10)

where Paux is a constant power consumption (set to 5 kW) that accounts for the electrical
power demand from the control panels and various minor electrical appliances connected
to the DC bus.

By definition, Pb < 0 when the battery is charging while Pb > 0 when the battery is
discharging; finally, if the battery power is exactly zero, the propeller and the auxiliaries’
power demands are fully satisfied by the gen-sets.

After evaluating the battery current with Equation (9), the SOC dynamics were defined by
the following equation:

σ̇ = ηc
ib
Cb

(11)

where the Coulombic efficiency of the battery was set to ηc = 0.99. Furthermore, the
model ensures that ib does not exceed the charge and discharge limit currents imposed
by the battery characteristic, i.e., ilim, dis = 1190 A and ilim, ch = −833 A. To avoid a deep
charge/discharge on the battery, which would reduce its lifetime, the SOC was limited to a
range of 0.4–0.8.

The battery is a key component in a hybrid vessel. For the waterbus model subject of the
case study, data from an LFP battery pack was used [38]. A preliminary design has been done
regarding the correct sizing and packaging. The total capacity is 150 kWh which is more than
a normal hybrid vessel of this size would have. While this size is larger than is strictly needed
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in terms of energy requirements, it was considered necessary in terms of power requirements
to ensure the feasibility of full-electric operations as well as to ensure battery durability.

3.4. Engine

The engine model was used to evaluate fuel consumption and emissions at each instant,
by linear interpolation of look-up tables that characterize the engine fuel consumption and
emissions as a function of speed and torque. For this work, engine maps were available for
fuel consumption as well as NOx and HC emissions. Thus, their flow rates were evaluated
as follows:

ṁf = ṁf(ωeng, Teng) (12)

ṁNOx = ˙mNOx(ωeng, Teng) (13)

ṁHC = ˙mHC(ωeng, Teng) (14)

In principle, each engine can be set to work at its own speed and torque, independently
of the other engines and of the propeller load; the EMS is responsible for controlling the
working point of all three engines in order to satisfy operational constraints (such as
keeping the battery SOC in its allowed range) while minimizing fuel consumption and
emissions. This means that the EMS must select six control variables (the speed and torque
of the three engines). In practice, it might be more convenient to define a reduced number of
control variables and use some heuristics to set all speeds and torques, as will be explained
in Section 4.

The model also ensures that each engine’s speed does not exceed the torque
limit curve:

Teng ≤ Teng,max(ωeng), (15)

and that it stays within the idle and maximum speed (when providing torque):

ωeng,idle ≤ ωeng ≤ ωeng,max (16)

3.5. Generator

Each thermal engine is mechanically coupled to an induction generator to form a
gen-set. The generators are permanent magnet synchronous machines with a peak power
of 125 kW and an output voltage of 400 V three-phase AC at 50 Hz. Losses in the power
electronics are taken into account as well. As for the electric motors, the generator efficiency
was evaluated through an efficiency map. The generator speed and torque were determined
by the engine operating point, and a constraint was enforced on the maximum torque.

ωgen = ωeng, (17)

Tgen = Teng + Jgenω̇gen, (18)

Pgen = ηgen(ωgen, Tgen)ωgenTgen, (19)

Tgen ≤ Tgen,max(ωgen). (20)

4. Energy Management Strategy
As previously mentioned, the energy management strategy plays a critical role in real-

izing the full potential of hybrid powertrains. For the series hybrid architecture presented
in this work, the EMS is responsible for setting the operating points of the three gen-sets;
this in turn will determine the amount of power that needs to be drawn from or charged
into the battery in order to meet the propulsive and auxiliaries’ power demand.

Dynamic programming is a widely used technique in EMS design because it provides
the optimal global control trajectory solution to complex control problems regardless of
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their non-linearity; moreover, it is not subject to calibration as other techniques are, and
it can handle conflicting multiple optimization objectives. However, this technique is not
suitable for online implementation because it requires prior knowledge of the operating
mission. The DP algorithm is also computationally demanding and simulation time rises
exponentially as the number of states and control variables increases. Nevertheless, because
of its advantages, dynamic programming is highly popular in the context of the preliminary
design and energy analysis of hybrid powertrains. Furthermore, the optimal control
trajectories obtained with dynamic programming can also be used to design an online EMS.

To this end, a dynamic programming algorithm was used to obtain the optimal control
strategy with respect to NOx and HC emissions, similar to the approach followed in [35] to
compare a series and a parallel architecture for a smaller waterbus. Dynamic programming
is based on Bellman’s principle of optimality [39] which implies that the solution to an
optimal control problem over a multi-stage, finite horizon can be built starting from the last
stage and proceeding backward, solving at each stage the tail sub-problem from that stage
to the end [40]. In particular, the algorithm was implemented by developing a simulation
model as described in Section 3 in MATLAB R2024a and by coupling it with an optimal
control tool called DynaProg v1.6.5 [41]. This is an open-source MATLAB toolbox that is
able to solve deterministic, finite horizon multi-stage decision problems.

4.1. Optimal Control Problem Setup

In order to apply dynamic programming, the energy management strategy must
be formulated as an optimal control problem, comprising a total cost (to be minimized
over the operational mission), a set of state and control variables, and a model describing
the state dynamics. In addition, we define as exogenous inputs all those time-varying
quantities that cannot be controlled and that affect the state dynamics, in other words, the
operational mission.

For the control variables, we decided to select two controls to set the engine speed and
torque for all engines that are turned on, and a third control variable α to decide how many
gen-sets should be on.

The stage cost Lk is the cost associated with performing a control action at a given
stage (time interval) and which affects the total cost J for the whole mission:

J(x0, π) =
N−1

∑
k=0

Lk(xk, uk), (21)

where π is the control sequence u0, u1, . . . , uN−1. The optimal control sequence π∗ is the
one that minimizes J.

In order to minimize the total emissions of NOx and HC over a mission, the stage cost
was defined as a trade-off between NOx and HC flow rates:

Lk(xk, uk) = µ
ṁNOx

ṁmax,NOx
+ (1 − µ)

ṁHC

ṁmax,HC
+ δ, (22)

where ṁHC, max and ṁNOx, max are the maximum flow rates of HC and NOx that can be
obtained with all three engines working together, and µ is a trade-off factor. In addition, an
engine shut-down penalty term δ was used to prevent the gen-sets from switching states
too frequently [42], formulated as follows:δ = 0.09 if αprev > α,

δ = 0 if αprev ≤ α,
(23)
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where αprev represents the on/off state of the engine at the previous stage k − 1. It is worth
noticing that this EMS design problem is a multi-objective problem with conflicting objec-
tives since the engine’s NOx and HC brake-specific consumption maps have significantly
different shapes.

The state variables represent all those variables whose value evolves in time as a
function of the controls and which influence the stage cost, in our case pollutant emissions.
Therefore, the battery’s state of charge must obviously be a state as we want to set a
charge-sustaining constraint (σ(tf) = σ(t0)) and we also want to ensure that the SOC stays
within the prescribed bounds. Furthermore, αprev must also be a state as it influences the
stage cost and it cannot be purely determined by the current stage’s states, controls, and
exogenous inputs.

For all states, the state dynamics must be formulated in the form of xk+1 = fk(xk, uk)

to evaluate their evolution from one stage to the next as a function of the current states,
controls, and exogenous inputs. For the SOC, this is carried out using the equations given
in Section 3. For αprev, it is sufficient to store the current value of the control variable α for
the next stage.

Summarizing, the states, controls, and exogenous inputs are as follows:

State variables: σ, battery SOC
αprev ∈ {0, 1, 2, 3}, number of engines on at previous stage

Control variables: ωeng, engine speed rad/s
Teng, engine torque Nm
α ∈ {0, 1, 2, 3}, number of engines on

Exogenous inputs: ωprop, propeller speed, rad/s
Tprop, propeller torque, Nm

Finally, dynamic programming requires the definition of discrete computational grids
for state and control variables [41], as well as initial conditions and terminal constraints for
the state variable. A finer discretization for the state and control grid leads to increased
computational time, but coarser grids introduce more approximations in the DP algorithm
which can cause the solution to deviate from the optimal solution.

Notably, the computational complexity of dynamic programming scales rapidly with
the number of states and controls. For a system with n states and m controls, denote with
N, NSVi , and NCV j the number of stages (time intervals) and the number of elements in the
state grid i and in the control grid j. Then, the computational time is proportional to the
following equation:

tsim ∝ N × NSV1 × . . . × NSVn × NCV1 × . . . × NCVm . (24)

Memory requirements for the algorithm scale similarly. This consideration, amongst
others, drove the selection of the control sets for our simulations, as will be discussed in
Section 5.3.

4.2. Dynamic Programming Algorithm

The algorithm finds the optimal control sequence π∗ in two phases: the backward
phase and the forward phase. In the backward phase, the algorithm generates a sequence
of value functions J∗k (xk). First, J∗N(xk) is initialized to some terminal cost LN(xN), which
can be used to penalize undesired values for the terminal states or, alternatively, can be
set to zero for all xN . Then, the algorithm proceeds iteratively from stage k = N − 1 to 0 to
construct the value functions as follows:

J∗k (xk) = min
u∈Uk

{
Lk(xk, u) + J∗k+1( fk(xk, u))

}
for all xk, (25)
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The value function, also called cost-to-go, quantifies the minimum cost incurred in
controlling the system, starting from stage k with state xk to stage N. Note that the value
function is only a function of the current state, which is a reflection of Bellman’s principle
of optimality. Thus, these value functions can be used in the forward phase to construct
the optimal control sequence. In the hybrid powertrain context, this backward phase
systematically evaluates all admissible engine operating points (speed, torque, on/off state)
and the resulting state of charge trajectories, identifying the least-emissions paths over the
full mission.

In the forward phase, the algorithm starts from state x0 at stage 0 and proceeds
iteratively in two steps: evaluate u∗

k as

u∗
k = arg min

u∈Uk

{
Lk(xk, u) + J∗k+1( fk(xk, u))

}
, (26)

and advance the simulation by one timestep, evaluating xk+1 = fk(xk, u∗
k ). This forward

pass effectively constructs the optimal engine speed, torque, and on/off state profiles across
the mission, given the initial SOC.

Together, the two phases translate the emission minimization problem into a globally
optimal control trajectory for the hybrid waterbus, using real operational profiles as input.

Among these two phases, the most time-consuming is the backward phase. At each
iteration, the state dynamics fk(xk, u) must be evaluated for all values of xk in a defined
computational grid and for all possible values of the control variables. Furthermore,
J∗k+1( fk(xk, u)) must be evaluated by interpolation on the known values, which can also be
a time-consuming operation. To see why this interpolation is needed, note that according
to Equation (25) the value function is only computed and stored for the values of x that
belong to the SV computational grid. Nonetheless, the value function update itself requires
evaluating J∗k+1 for values of the state that result from the state dynamics and may not
belong to the computational grid.

5. Results and Discussion
In this section, we analyze the simulation results that were obtained by applying

dynamic programming to the simulation models presented in Section 3. First, we dis-
cuss the effect of the NOx–HC trade-off factor on the emissions of the hybrid waterbus.
Then, we select one specific value for the trade-off factor and analyze the behavior of
the powertrain component under the obtained optimal control strategy. Furthermore, we
discuss some numerical and practical aspects related to the choice of the control architecture
that was presented in the previous section. Finally, we discuss some limitations of the
employed methods.

5.1. Impact of the Trade-Off Factor

In Section 4.1, we introduced a cost function for the EMS design problem that considers
a trade-off of HC and NOx emissions, through a trade-off factor µ. By acting on this value,
it is effectively possible to steer the optimization between the selective minimization of
these two pollutants. In order to assess the emission-abatement capabilities of the hybrid
architecture under different objectives, we ran several optimizations with varying µ values.
Figure 7 shows the obtained emissions and fuel consumption, normalized to the values
obtained with the conventional architecture.

As previously mentioned, minimizing the two pollutant species creates conflicting
objectives: this is clearly visible for the HC-oriented case (µ = 0), where the HC emissions
are reduced by more than 60% with respect to the conventional waterbus, but the NOx
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emissions are almost doubled. In the opposite case (µ = 1), the NOx emissions are reduced
by slightly more than 35% while the HC emissions are increased by about 5%.
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Figure 7. Ratio of fuel consumption, NOx and HC from the hybrid with respect to the conventional
architecture, as a function of the trade-off factor µ.

Another fact that is clearly visible from the plot is that the relationship between the
trade-off factor and the emission flow rates is highly non-linear. The NOx emissions fall
rapidly as the trade-off factor ranges from 0 to 0.3, and change very little beyond µ = 0.5.
The HC emissions increase quite regularly throughout the whole range except for values of
the trade-off factor from 0.2 to 0.3, where there is a sharp increase. This region was also
identified as the most interesting in terms of trade-off results.

In terms of fuel consumption, Figure 7 shows a modest increase across the entire range
of the trade-off factor µ. This trend reflects the energy conversion losses that are inherent to
the hybrid powertrain and the tendency of emissions-optimal operating points to deviate
slightly from fuel-optimal ones. Nonetheless, the overall increase remains limited (approxi-
mately 6.5%) and must be weighed against the significant pollutant reductions achieved.

Based on the observed trends in Figure 7, the interval µ ∈ [0.2, 0.3] was identified as
particularly promising in terms of achieving a favorable trade-off between NOx and HC
emissions. Therefore, a focused sweep of control simulations was conducted in this range.
Among these, the value µ = 0.272 emerged as the most balanced compromise, offering
significant reductions in both pollutant species. This case was therefore selected to be
analyzed in further detail. The corresponding results are reported in Table 5 and further
analyzed in the following sections. While the selected value µ = 0.272 was optimized for
the analyzed mission, the same methodology can be applied to other routes to determine
mission-specific trade-offs.

Table 5. Emissions and fuel consumption results for the conventional and hybrid waterbuses, with
trade-off factor µ = 0.272.

Architecture Fuel, kg/h NOx, g/h HC, g/h

Conventional 40.0 1054 20.3
Hybrid 42.6 726.3 17.3
Change +6.5 % −31.1 % −14.8 %
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5.2. Analysis of the Components Behavior

Clearly, the results obtained with the selected trade-off factor of µ = 0.272 show a
significant pollutant emission reduction potential for the hybrid waterbus. The main reason
for this reduction is that the hybrid powertrain allows the DP algorithm to set the engine
operating point at a very low level of specific emissions, as is clearly visible in Figure 8. In
particular, Figure 8b–d illustrate engine operating points as scattered data points, for each
simulation time step, overlaid to the engine’s brake-specific fuel consumption, and NOx
and HC emission maps; while Figure 8a represents the electric motor operating points on
the motor’s efficiency map.
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Figure 8. Operating point distribution on the engine and e-motor maps. The brake-specific fuel
consumption, and NOx and HC maps are normalized. (a) Electric motor efficiency and operating
points (hybrid waterbus). (b) Engine brake-specific fuel consumption and engine operating points
(conventional waterbus). (c) Specific NOx emission maps and engine 1 operating points (hybrid
waterbus). (d) Specific HC emission maps and engine 1 operating points (hybrid waterbus).

In the conventional architecture, each working point is directly related to the propeller
speed and torque, while in the series hybrid architecture, the load is satisfied by the electric
machines (Figure 8a) and the engines work independently. The system can benefit from
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high control flexibility since the engines can be turned on independently from each other.
This allows the algorithm to find an optimal power output point and then take advantage
of the control variable α to start and stop engines, delivering a similar amount of power to
the DC bus.

This is also well illustrated in Figure 9, where power profiles along the missions are
presented. More specifically, engines 1, 2, and 3 run 75.2%, 60.8%, and 14.6% of the total
mission time, respectively, with an average power of 120 kW. This also corresponds to 80%
of the maximum power of a single thermal engine. These results suggest that removing
one generator set from the architecture could be possible. Simulations with two generator
sets led to similar results in terms of emissions; the saved weight and lower complexity of
the powertrain would be an advantage.
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Figure 9. Power output profiles of the three engines of the hybrid waterbus model.

Going back to Table 5, it is evident that the hybrid architecture, if an emissions-optimal
strategy is adopted, is less fuel-efficient than the conventional one. We attributed this
mainly to two reasons. First, the operational mission has a rather consistent power demand,
and the vessel spends most of the time cruising at its design speed. Therefore, the engine
often operates close to its design operating point which is typically selected to minimize
bsfc. This stands in contrast with the application presented in [35], where the highly
dynamic and frequent part-load operation of the conventional powertrain meant that a
higher bsfc was obtainable with a series hybrid even when targeting emissions instead
of fuel consumption. Second, the hybrid architecture introduces new transmission losses,
due to the electro-mechanical conversion losses at the motors and generators and due to
the electric losses in the power converters, all of which ultimately contribute to energy
dissipation. After an energy analysis, we found that about 12% of the total energy produced
by the engines is lost in this way.

Considering the battery pack, Figure 10 shows how it essentially acts as a load leveler,
enabling stable operation of the engines. During stops and maneuvering, the waterbus
operates in full electric mode, turning the engines off. In the cruising phases, part of the
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trip is spent with two engines turned on at their emissions-optimal operating points and
the battery discharges to cover the difference with the power demand. Then, a smaller part
of the trip is spent with three engines on at their emissions-optimal operating point and the
battery is charged.
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Figure 10. Load, battery, and total engine power along the operational mission.

Throughout the mission, the SOC swings to a minimum of 57% and a maximum of
61%; also, its final value is 60%, thus a charge-sustaining mission is accomplished. Overall
the battery can charge and discharge a total of around 48 kWh of energy. Notably, the
battery’s usable SOC window is not fully exploited. The reason for this is due to the large
capacity of the battery, and the constraint that the mission is charge-sustaining. Therefore,
the battery pack appears to be oversized in terms of energy content. Unfortunately, due to
the limited power density of LFP batteries, this sizing was deemed necessary by ACTV in
order to reach a power rating that would enable fully electric sailing, which is particularly
desirable in the proximity of stops.

5.3. Notes on the Selected Control Set

Before performing our extensive set of simulations with the setup presented
in Section 4.1, other choices for the control set were investigated. In our architecture,
it is possible in principle to control each engine independently; this would require three
control variables for the engine’s speed ωeng,i and three for the engine torques Teng,i, with
i ∈ {1, 2, 3}, for a total of six control variables.

However, this inevitably results in significant complexity for the EMS, which must be
justified by improved performance with respect to simpler control sets [43]. In particular,
as explained in Section 4.1, this would require a significantly higher computational cost
when compared with the model with the three control variables ωeng, Teng, and α. The
more complex model replaces the control set for α (made of four inherently discrete values)
with four control sets related to engine speeds and torques that must be discretized into
finite sets that cover the whole engine map. As Equation (24) shows, this would greatly
increase both simulation time and the memory requirement for the processing hardware.
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For example, a simulation was performed with the complex model with six controls.
In this case, the definition of the computational grids was limited by the available RAM of
32 GB, using Nωengi

= 40 and NTengi
= 40, i ∈ {1, 2, 3}. This discretization is still not satis-

factory because many points on the maps are discarded and the results are underestimated;
furthermore, the execution time of the algorithm would be around two days. The so-called
curse of dimensionality compelled us to consider other control models.

The model introduced in Section 4.1, using three control variables, Teng, ωeng, α, was
deemed more effective as it is far less computationally demanding while producing good
results. As is clear from the results presented in Section 5.2, the flexibility given by the
ability to select the number of engines to be used for this architecture is already enough
that the engine operating points can be set at their optimal operating point.

While the above considerations on computational complexity and memory require-
ments refer to dynamic programming specifically, similar considerations of controller
complexity can be made for other EMS techniques. One important takeaway of our results
is that the optimal control strategy obtained with the presented control scheme is highly
effective; therefore, this choice would also be appropriate for a real-time EMS, which would
be designed to reproduce this optimal strategy as much as possible.

5.4. Limitations

When considering the results discussed so far, a few limitations that are inherent to
the employed methods must be addressed. First, the simulations were performed with
a quasi-static model, neglecting the transient behavior of engine operating points. Thus,
emission results for both the conventional and hybrid architecture are underestimated
to some extent. While this can be considered negligible for the hybrid architecture, due
to the very stable operation of the thermal engines, this is certainly not the case for the
conventional powertrain.

Furthermore, the modeling approach that we presented is effective for the purpose of
energy consumption and emissions and for control strategy design. However, there are
other benefits to waterbus hybridization that cannot be captured by this approach. For
example, hybrid waterbuses require reduced engine maintenance requirements due to their
having a more stable operation. Furthermore, a hybrid waterbus produces less vibration,
leading to an improved experience for passengers and lower noise, which is beneficial both
for the passengers and for the citizens living in the proximity of stops.

Nonetheless, the simulation results presented in the previous sections provide a signif-
icant amount of practical insight for the preliminary design of both the hybrid powertrain
and its energy management strategy, highlighting the potential for significant reductions in
pollutant emissions. Additionally, environmental factors such as tidal conditions, weather,
and seasonal passenger loads could influence power demand and hybrid performance;
these effects can be accommodated in future simulations by updating the operational
profiles accordingly.

6. Conclusions
This study estimates the air quality improvement that can be achieved by retrofitting

a fleet of conventional diesel-powered waterbuses currently in use in the Venice trans-
portation network with a new series hybrid powertrain. A simulation model for the
hybrid waterbus was presented and a dynamic programming algorithm was used to ob-
tain optimal control strategies that minimize a trade-off of NOx and HC emissions. The
hybrid architecture shows good abatement potential with up to 31% and 15% NOx and HC
reductions, respectively.
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The battery’s role as a load leveler proved to be effective: it charged and discharged a
total of approximately 48 kWh of energy swing during the mission, maintaining the state
of charge within a narrow 57% to 61% window. The gen-sets operated predominantly at a
stable average load of 120 kW, and notably, the third engine was used only 14.6% of the
time. These findings suggest the potential simplification of the powertrain architecture
without compromising emission performance. In future work, alternative component sizing
strategies will be explored not only for this specific line, but also for other representative
routes within the network.

This system-level analysis also provided important suggestions for implementing
real-time controllers and design improvements. First, we discussed how a relatively simple
control architecture that forces all engines that are currently on to operate at the same
speed and torque is almost as effective as more complex strategies that attempt to control
the operating points of the three engines independently. Second, our results show that it
is possible to identify a specific operating point for the engines to operate at for most of
the time, therefore using the gen-sets to provide three discrete power levels (one for each
engine). The battery pack can then be used as a buffer to cover the difference between the
electric loads and the power generated by the engines. Furthermore, it should be noted that
this engine operating point is mission-specific, and it can be identified using the dynamic
programming algorithm presented in this work.

More generally, this case study can foster new ideas for further studies on the advan-
tages of small hybrid ferries, which are still relatively little explored technologies. Finally,
the encouraging results provide a strong indication of the benefits of increased investment
in fleet renewals and retro-fitting, in order to meet emission regulations, improve the
citizens’ quality of life, and demonstrate a commitment to innovation and sustainability.
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