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A B S T R A C T   

The maritime transport and the port-logistic industry are key drivers of economic growth, although, they 
represent major contributors to climate change. In particular, maritime port facilities are typically located near 
cities or residential areas, thus having a significant direct environmental impact, in terms of air and water 
quality, as well as noise. The majority of the pollutant emissions in ports comes from cargo ships, and from all the 
related ports activities carried out by road vehicles. Therefore, a progressive reduction of the use of fossil fuels as 
a primary energy source for these vehicles and the promotion of cleaner powertrain alternatives is in order. 

The present study deals with the design of a new propulsion system for a heavy-duty vehicle for port appli-
cations. Specifically, this work aims at laying the foundations for the development of a benchmark industrial 
cargo–handling hydrogen-fueled vehicle to be used in real port operations. To this purpose, an on-field mea-
surement campaign has been conducted to analyze the duty cycle of a commercial Diesel-engine yard truck 
currently used for terminal ports operations. The vehicle dynamics has been numerically modeled and validated 
against the acquired data, and the energy and power requirements for a plug-in fuel cell/battery hybrid pow-
ertrain replacing the Diesel powertrain on the same vehicle have been evaluated. Finally, a preliminary design of 
the new powertrain and a rule-based energy management strategy have been proposed, and the electric energy 
and hydrogen consumptions required to achieve the target driving range for roll-on and roll-off operations have 
been estimated. 

The results are promising, showing that the hybrid electric vehicle is capable of achieving excellent energy 
performances, by means of an efficient use of the fuel cell. An overall amount of roughly 12 kg of hydrogen is 
estimated to be required to accomplish the most demanding port operation, and meet the target of 6 h of 
continuous operation. Also, the vehicle powertrain ensures an adequate all-electric range, which is between 
approximately 1 and 2 h depending on the specific port operation. 

Potentially, the hydrogen-fueled yard truck is expected to lead to several benefits, such as local zero emissions, 
powertrain noise elimination, reduction of the vehicle maintenance costs, improving of the energy management, 
and increasing of operational efficiency.   

1. Introduction 

The maritime transport sector has an essential role in the interna-
tional trade and global economy. However, it is a large and growing 
source of greenhouse gas (GHG) emissions. Currently, the CO2 emissions 
from shipping are estimated around 1 billion tons per year, which 
represent about the 2.5% of global GHG emissions [1]. The impact of 
shipping at European Union (EU) level is also considerable, with its 
associated emissions representing the 13% of the overall GHG emissions 

from the transport sector [1]. According to projections [2], CO2 emis-
sions from maritime transport are likely to undertake a significant in-
crease in the future: at least 50% by 2050, even in the most optimistic 
scenario. In this context, the overall shipping emissions in seaports, that 
are the emissions caused by and related to ships port stays, represent a 
not negligible share. These are indeed substantial, accounting for 
roughly 20 million tons of CO2, as well as for considerable amounts of 
NOx,SOx and PM10 [3–5]. In line with the trend of the whole maritime 
sector, in-ports emissions show a tendency to grow significantly in the 
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near future, with around 70 million tons of CO2 and 1.3 million tons of 
NOx being the estimated values in 2050 [5]. This scenario urgently calls 
for a reinforcement of the harmful emissions reduction efforts. 

Despite most of the shipping emissions take place during the actual 
transport by sea, those from in-port operations have the most noticeable 
environmental impact at local scale. Port facilities are indeed typically 
located near cities or residential areas, thus affecting directly the air and 
water quality of urban environment. Also, port infrastructures, services 
and related equipment, have achieved a significant technological 
development in recent years. Such advances have provided remarkable 
benefits in terms of port operations capabilities, but still inefficiencies 
remain, resulting in large energy consumption which negatively affect 
the environment. As for other sectors, the pathway to achieve deep 
decarbonisation and mitigation of energy use in the maritime transport 
and, more specifically, in the port-logistic industry, encompasses and 
requires multiple combined options [6]. These include: i) the use of 
alternative fuel sources [7–9] and ii) of advanced propulsion systems for 
vessels [10,11], especially based on fuel cells [12,13], iii) the reduction 
of the vessel Diesel engines emissions by means of innovative technol-
ogies [14], iv) the rationalization of ports energy demands, v) the 
adoption of specific strategies to provide power to the ship at berth from 
an external source (i.e. cold ironing) [15], as well as vi) the application 
of renewable energy technologies in port operations [16–18]. All of 
these actions aim at driving the port industry toward a more sustainable 
future. However, to date, there is still a significant untapped potential to 
reduce emissions and meet the stringent regulatory requirements for 
urban air quality. 

The high environmental impact from ports is mainly due to two as-
pects. The first one is related to the considerable energy consumption of 
vessels at berth during port stays, which is generated by their large 
auxiliary engines. This consumption is required to feed accessory sys-
tems such as those for heating, ventilation, and lighting, as well as to 
support all the necessary cargo operations. A second but still relevant 
aspect is instead related to the vast number of machinery, vehicles and 
cranes required for port operations. The road transport within port areas 
by means of yard trucks, forklifts, container movers, rubber tired gantry 
cranes and material handling vehicles of different kind represents 
indeed a major source of emissions in ports. The use of these vehicles, 
when powered by fossil fuel, not only contributes to port emissions by 
direct fuel consumption, but also leads to a significant increase of the 
vessel energy demand, since it induces some of the on-board auxiliary 
systems to operate intensively. This is especially the case of the venti-
lation system, which is required to operate to avoid a build up of the 
pollutants produced by the vehicles engines, which are harmful to the 
health of workers on the ship. Hence, in order to comply with emissions 
requirements and to facilitate the transition of existing port terminals 
towards effective low-carbon/zero-emissions areas, heavy-duty vehicles 
for port operations must be redesigned [19]. Achieving zero local 
emissions power solutions for large-size freight vehicles at seaports is 
however an ambitious challenge. In fact, the need for a continuous and 
long-lasting operation (i.e. very low refueling/recharging times 
allowed) as well as the inherently high power demand require a 
considerable amount of both energy to be stored on-board and available 
power. Also, the wide variability of operating conditions and tasks 
characterizing typical Roll-on/Roll-off (RoRo) duty cycle for these ve-
hicles represents a crucial aspect. These, among other technical limita-
tions, are all factors which have obstructed the process of electrification 
for port-logistic vehicles until now. 

In the pursuit of higher energy efficiency and reduction of harmful 
emissions, hydrogen Fuel Cell (FC) technologies represent a promising 
and viable solution in transportation [20,21], for a wide class of vehicles 
and applications, including light [22,23] as well as medium [24,25] and 
heavy-duty [26–30]. This especially applies to the logistic road transport 
[31,32] and, potentially, to the port sector, where FCs may help to cope 
with several issues. In fact, besides being inherently clean, FC technol-
ogies own many favorable features, such as scalability, flexibility, high 

efficiency and silence, which may bring significant advantages in several 
port operations. Moreover, their use in hybrid electric architectures is 
instrumental to extend the driving range of the vehicle and reduce 
recharging times. For these reasons, hydrogen FCs have attracted great 
interest from port industry, even though the first actual experiences are 
yet in their infancy. 

Several works in literature deal with the implementation of hybrid 
electric powertrain solutions based on FCs in heavy-duty vehicle appli-
cations, but none of them is oriented to the port-logistic sector. Within 
this framework, the aim of the present work is to propose a preliminary 
design of a hydrogen fuel cell/battery hybrid powertrain for a zero- 
emissions heavy-duty port Yard Truck (YT), today widely used, in its 
conventional Diesel engine configuration, for RoRo operations by the 
major port operators worldwide. Specifically, the powertrain design 
proposed in this study is based on real terminal port operations: an on- 
field measurement campaign has been carried out to acquire a typical 
duty cycle for a YT vehicle, serving a cargo ship, during normal RoRo 
operations. The Diesel–fueled vehicle dynamics was then numerically 
modeled and validated against on-field acquired data, and its energy 
performance was analyzed, in such a way to define the energy and 
power requirements for the hybrid electric powertrain. This allows 
sizing and selecting the main powertrain components for the new 
hydrogen fueled vehicle, that are electric motor, battery pack and FC. 
Finally, the hydrogen fueled vehicle energy performance are assessed 
and the hydrogen fuel consumption required to achieve the target 
driving range is estimated, implementing a rule-based energy control 
strategy. The numerical modeling of the vehicle dynamics and of its 
energy management is realized through the use of MATLAB software, by 
means of an ad hoc developed code. The intent behind this research is to 
provide a first significant step to the successful introduction of FC in-
dustrial vehicles inside the port sector, towards a zero-emissions vehicle 
(ZEV) fleets scenario. 

2. ICE vehicle description and operation 

The new hydrogen fueled vehicle has been developed starting from a 
Terberg RT223 YT, which is a 4x4 heavy-duty yard tractor used in ports 
logistic, and in particular in RoRo operations of trailers on ships. The 
vehicle weight is around 11.5 t and it is powered by a Volvo TAD871VE 
Diesel engine of 7.7 dm3 displacement with 185 kW of maximum power. 
The powershift transmission has 6 speeds forward and 3 speeds reverse. 
Table 1 reports the main characteristics of the Terberg RT223 YT 
vehicle, while Fig. 1 shows a schematic representation of the vehicle 
powertrain architecture. During Roll-on operation, the YT drives a 
wheeled cargo (often a trailer) from the on-shore terminal to the ship. 
Within the vessel, the YT climbs one or more internal ramps while being 
fully loaded. This represents the most demanding stage of the whole 

Table 1 
Terberg R223 YT technical specifications [33].  

Engine Volvo TAD871VE 
Displacement 7.7 dm3 

Compression ratio 17.5:1 
Power 185 kW @ 2200 rpm 
Torque 1160 Nm @ 1000–1400 rpm  

Gearbox ZF, type 6WG211 
Forw. gear-shift 1st 2nd 3rd 4th 5th 6th 
Gear ratio 5.683 3.702 2.304 1.501 0.963 0.627 
Rev. gear-shift 1st 2nd 3rd    
Gear ratio 5.041 2.044 0.854     

Transfer case Kessler, type W1000 
Reduction ratio 1.371:1  

Front/Rear axle Kessler 
Reduction ratio 16.3:1  

Tires 11R22.5 
Rims 10 stud disc wheels 22.5 x 8.25  
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operation, in terms of required power. At this point, the vehicle releases 
the trailer and comes back unloaded to the terminal area. On the con-
trary, during Roll-off operation, the YT enters the ship and climbs the 
internal ramps with no load. After loading, it drives off the ship the 
trailer, thus climbing the internal ramps down while carrying the full 
load. Both the described operations take around 10 min to be completed, 
and they must be repeated continuously for a total time of 6 h. 

3. ICE vehicle data acquisition 

The new hybrid electric powertrain design is grounded on real 
operation data. An accurate and realistic representation of typical duty 
cycles is indeed crucial to properly model the vehicle dynamics and 
evaluate the energy and power output demands. Therefore, an on-field 
measurement campaign was conducted at the Grimaldi’s Terminal 
located in port of Salerno, Italy. 

In particular, several data acquisitions were performed during 
normal Roll-on and Roll-off operations of the vehicle, directly accessing 
the internal combustion Engine Control Unit (ECU) as well as the 
Transmission Control Unit (TCU). Specifically, among other quantities, 
the profiles of engine torque, engine rotational speed and fuel con-
sumption were acquired from the ECU. Instead, vehicle speed profile, 
driveshaft rotational speed and engaged gear were retrieved from the 
TCU. Note that data sampling rates were different among ECU and TCU, 
with the former being constant and equal to 4 Hz, while the latter being 
variable and ranging between 9 and 11 Hz. Such a mismatch was 
overcome by performing a time synchronization of data by means of 
linear interpolation during post-processing. Both Roll-on and Roll-off 
data acquisitions were performed on the same day, from two different 
cargo ships (one arriving and one leaving), of the same kind and of 
identical configuration. 

Several Roll-on and Roll-off cycles were acquired during the mea-
surement campaign, among which only one for each kind of operation 
was selected as a reference cycle. It is worth emphasizing that the two 
reference cycles were selected after assessing their consistency (i.e. 
absence of spurious events, such as delayed operation due to unexpected 
traffic conditions) rather than on a statistical analysis, since this would 
have led to unrealistic cycles, due to the inherent high variability of the 
real driving conditions. The chosen reference Roll-on cycle has an 
overall duration of 600 s, while the Roll-off one is slightly shorter, with 
an overall duration of 540 s. Also, the measured fuel consumption 
related to the considered reference duty cycles are of 1.64 kg and 1.10 kg 
for Roll-on and Roll-off, respectively, which lead to 59.2 kg and 44.0 kg 
of fuel consumed over 6 h of continuous operation (i.e. target time of 
operation). 

During the Roll-on operation monitored and used for our data 
acquisition, the YT towed a trailer from the terminal area to the second 
deck of the cargo ship. The slope of the internal ramps is 10.5% (i.e. 6o), 
as reported by the ship technical drawing. The weight of the trailer 
towed during data acquisition was estimated to be about 30 t by the 
transport company that owned the trailer. Conversely, during the 
considered Roll-off operation, the trailer was towed from the second 

deck of the cargo ship to the terminal area. Also in this case, the slope of 
the ramps inside the ship is 10.5%. However, differently from Roll-on, 
the weight of the trailers was 15 t, as estimated by the transport com-
pany. The stages that compose the Roll-on and Roll-off reference cycles 
are listed and described in detail in Tables 2 and 3, respectively. A 
ground operator was able to note precisely the start and the end of each 
phase of the mission, so that it was then possible to reproduce slope and 
vehicle mass profiles (including the trailer), as reported in Figs. 2 and 3, 
respectively. 

3.1. Driving cycles 

As already mentioned, the speed profiles for typical Roll-on and Roll- 
off operations have been acquired during the on-field measurement 
campaign. However, in order to develop suitable reference driving cy-
cles for the numerical simulation of the vehicle dynamics, the acquired 
data were post-processed, as here described. 

The modeling of the vehicle dynamics requires indeed the compu-
tation of the vehicle acceleration, i.e. the speed derivative in time. Due 
to the resolution of the speed sensor module of the TCU, the recorded 
speed profile results to be a piecewise step function. The mathematical 
nature of such a speed function does not allow an accurate representa-
tion of the vehicle acceleration, since the error-prone numerical dis-
cretization of the speed derivative in time would unavoidably lead to an 
unrealistic acceleration profile. Therefore, to cope with this issue, a 
simple yet effective smoothing procedure was implemented to obtain a 
more convenient function for the vehicle speed. 

To this aim, the vehicle speed at new time instants, that is, every 0.25 
s (i.e. ECU sampling rate) is first computed by means of linear interpo-
lation, in order to synchronize the speed profile with data from ECU. The 
speed function is then smoothed out by performing a moving average, 
that is each element of the new speed function is computed as the mean 
over a sliding window of certain length across the neighboring elements. 
The length of such a sliding window is a key parameter, since it signif-
icantly affects the accuracy of the results. Thus, after performing a 
sensitivity analysis for such a parameter, a sliding window of 2 s is 
selected. Afterwards, the acceleration profile is computed by means of a 
central finite difference scheme for the time derivative of the velocity. 
To further alleviate spurious acceleration peaks, a moving average for 
the acceleration function is performed as well, with again a sliding 
window of 2 s. The so obtained profile, which is shown in Fig. 4 for both 
the YT operations, is suitable to be implemented into the vehicle dy-
namics model. Finally, the vehicle speed profile is updated by inte-
grating the computed acceleration function. The obtained vehicle speed 
profiles, in comparison with the original acquired data, are shown in 
Figs. 5 and 6, for Roll-on and Roll-off operations, respectively. The re-
sults presented in Figs. 5 and 6 prove the accuracy of the implemented 
smoothing procedure: the post-processed vehicle speed profiles fairly 
match the ones acquired from the TCU, thus they have been used as 
reference driving cycles in this work. 

Also, Fig. 7 presents the speed frequency distributions related to the 

Fig. 1. Schematic representation of the ICE vehicle configuration.  

Table 2 
YT operations for the Roll-on reference cycle.  

N. YT Roll-on operations 

1 loading the trailer in the on-shore terminal area 
2 carrying the trailer from the on-shore terminal into the ship 
3 climbing ramp #1 to reach the first deck 
4 driving inside the ship 
5 climbing ramp #2 to reach the second deck 
6 driving inside the ship 
7 unloading the trailer 
8 driving inside the ship 
9 climbing down ramp #2 
10 driving inside the ship 
11 climbing down ramp #1 
12 return to the on-shore terminal area  
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two reference driving cycles. The two speed frequency distributions are 
similar one to the other: for almost half of the time of operation, the 
vehicle speed is lower than 5 km/h, while its peak speed is about 30 km/ 
h for both Roll-on and Roll-off operations. 

4. Vehicle dynamics modeling and validation 

To design the hybrid electric vehicle (HEV) powertrain, a model of 
the vehicle longitudinal dynamics is first derived and then validated by 
comparing the estimated power requested to the ICE by the reference 
driving cycle with the ICE power retrieved from the ECU during data 
acquisition. The signal inputs to the HEV powertrain will be then 

predicted by using a quasi-static backward approach, which makes use 
of the developed vehicle dynamics model along with the predetermined 
driving cycle. The accurate estimation of the output power profile as 
well as of the energy consumption are crucial for the sizing of battery 
and FC module of the HEV. 

According to the dynamic equation of motion along the longitudinal 
direction, the total tractive effort Ft of the vehicle reads as follows: 

Ft = Fr + δmva (1)  

where mv is the vehicle mass, a is the instantaneous acceleration, δ is the 
mass factor, that is a coefficient accounting for the equivalent mass in-
crease due to the angular moments of the rotating components of the 
vehicle, and Fr is the total resistance force. The vehicle resistance Fr 
includes three contributions, namely aerodynamic drag, rolling resis-
tance of tires and grading resistance. By writing in an explicit way each 
of these terms, it results: 

Fr =
1
2

ρv2ACd + frmvgcosθ+mvgsinθ (2)  

where ρ is the air density, v is the vehicle speed, A is the vehicle frontal 
area, Cd is the aerodynamic drag coefficient, fr is the rolling resistance 
coefficient, g is the gravity acceleration, and θ is the road angle. The 
vehicle mass and road slope vary along the traveled path, thus they are a 
function of time, as detailed in the previous Section, see Figs. 2 and 3. 
Also the rolling resistance coefficient is taken as a variable parameter in 
our model, in order to take into account the high heterogeneity of the 

Table 3 
YT operations for the Roll-off reference cycle.  

N. YT Roll-off operations 

1 driving with no trailer from the on-shore terminal into the ship 
2 climbing ramp #1 to reach the first deck 
3 driving inside the ship 
4 climbing ramp #2 to reach the second deck 
5 driving inside the ship 
6 loading the trailer 
7 driving inside the ship 
8 climbing down ramp #2 
9 driving inside the ship 
10 climbing down ramp #1 
11 return to the on-shore terminal area 
12 unloading the trailer  

Fig. 2. Acquired vehicle mass profiles during the reference Roll-on (a) and Roll-off (b) operations.  

Fig. 3. Acquired slope profiles during the reference Roll-on (a) and Roll-off (b) operations.  
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road, and also the varying weight of the vehicle over the mission. Table 4 
reports all the values set for the model parameters in Eqs. (1) and (2). 
The mechanical power Pw that has to be provided to the wheels of the 
vehicle is computed as: 

Pw = Ftv (3) 

Finally, the power request at the ICE is estimated by taking into 
account the overall drivetrain losses as well as the auxiliary loads, as per 

the following equation: 

PICE =
Pw+

ηt
+Paux (4)  

where Pw+
indicates the power related to the positive tractive force, that 

is: Pw+
= Pw for Pw > 0, and Pw+

= 0 otherwise. The power Paux 

requested by the auxiliaries, including water pump, cooling fan, air 
compressor and oil pump, amounts up to roughly 5 kW during the 
mission, as acquired from the ECU. The term ηt in Eq. (4) represents 
instead the total mechanical efficiency of the vehicle transmission be-
tween the engine output shaft and the drive wheels. This is computed by 
considering an efficiency of 0.96 for each of the transmission compo-
nents, that are a longitudinal differential and a planetary wheel for 
front/rear axle, as well as for each engaged pair of gears in the gearbox. 
The product of all the efficiencies for the named elements of the drive-
line leads to a value of ηt ranging between 0.78 and 0.85 depending on 
the used gear-shift, which are in line with the average values for the 
transmission efficiency of heavy-duty vehicles [34]. Table 5 reports the 
number of engaged pairs of gears (EPG) for each gear-shift, as reported 
in the vehicle technical specification manual. It is worth emphasizing 
that reverse gears are used for backing maneuvers needed to place the 
truck in the correct position when loading/unloading the trailer, but 
they are also used, in general, to climb the internal ramps of the ship 
when the truck carries very heavy loads: in this case the truck drives in 
reverse for stability reasons. The latter is a common strategy which has 
not been adopted, however, during the RoRo operations acquired in the 
present study, where ramps are climbed up always in forward mode. 
Figs. 8 and 9 show the calculated power profiles for the ICE vehicle 
resulting from simulation, in comparison with the on-board measure-
ments, for the two reference driving cycles, namely single Roll-on and 
Roll-off operations, respectively. The results shown in Figs. 8 and 9 are 
satisfactory, with a good agreement observed between the measured and 
the computed duty cycles. Overall, the numerically predicted power 
demands at ICE follow well the expected profiles, with some differences 
mainly due to the inherent approximation of some of the model pa-
rameters. However, such minor discrepancies can be considered 
acceptable to the aim of the present work, since they do not affect the 
overall vehicle performance. As expected, the Roll-on is the most energy 
and power demanding operation among the two considered, as can be 
clearly noted by observing the duty cycles reported in Figs.8 and 9. Thus, 
in order to make the HEV capable of achieving the most critical condi-
tions, in terms of peak power and on-board energy availability, its 
powertrain is designed based on the Roll-on operation duty cycle. The 
measured maximum and mean powers requested to the ICE of the 
vehicle, along with its overall energy consumption, during Roll-on and 
Roll-off operations, in comparison with those estimated by means of our 
model, are reported in Table 6. The obtained values of maximum and 
mean power outputs are in line with the corresponding ones taken from 
the ECU. In particular, the results show that the mean power demand for 
the Roll-on operation is about 50% higher than that for Roll-off opera-
tion. Also the computed overall energy demand for the vehicle is in fair 
agreement with the one expected from the acquisitions, which have 
been computed by integrating the real power profiles, known from the 
ECU, over the time. 

5. HEV performance analysis 

The first step of the analysis concerns the determination of the 
overall required electric power that has to be supplied by battery and FC 
to the traction electric motor (EM), as well as the determination of its 
operating points, in terms of output torque and speed. The considered 
EM is the Danfoss EM-PMI375-T1100 [38]. This is a permanent magnet 
machine, allowing for a maximum peak torque of 2100 Nm at 350 A, 
when driven by a single inverter, and a maximum peak torque of 3270 
Nm in its double inverter configuration. The maximum continuous 

Fig. 4. Vehicle acceleration profiles for the reference Roll-on and Roll-off 
driving cycles. 

Fig. 5. Reference driving cycle: vehicle speed profile during a typical Roll- 
on operation. 

Fig. 6. Reference driving cycle: vehicle speed profile during a typical Roll- 
off operation. 
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torque that can be delivered by the motor is 1515 Nm. Its peak efficiency 
is about 0.96. 

With the power demand at the wheels known from the vehicle dy-
namics model, the electric power required at the EM is given by: 
⎧
⎪⎪⎨

⎪⎪⎩

PEM = Pw
/

η′

t , if Pw⩾0

PEM = Pwη′

t , if Pw < 0 (5)  

where the second equation takes into account the regenerative braking, 
that is the negative mechanical power at the wheels (i.e. the braking 
power) that can be converted into electrical energy to be stored in the 
battery. In the present study, the assumption is made that the 100% of 
the available braking power is recovered. The term η′

t in Eq. (5) indicates 
the overall transmission efficiency of the HEV driveline, which differs 
from the one computed for the ICE vehicle. In fact, for the HEV 
configuration analyzed in this work, a direct drive mechanism is 
assumed (i.e. no gearbox is used). This is possible thanks to the EM 
characteristics and would allow to better accommodate the hydrogen 
tanks and the EM in the engine bay, in principle. The parameter η′

t is 
therefore calculated as the product of the efficiencies of the two main 
components of the drivetrain, namely the longitudinal differential and 
the planetary wheel at front/rear axle, which leads to a constant value of 

Fig. 7. Speed frequency distribution for the reference driving cycles related to Roll-on (a) and Roll-off (b) operations.  

Table 4 
Vehicle longitudinal dynamics model parameters.  

Parameter Value 

A 8 m2 

Cd  0.8 
fr  0.015–0.065 [34,35] 
ρ  1.2 kg/m3 

δ  1.1 [36,37]  

Table 5 
Number of engaged pairs of gears for each gear-shift [33].   

Forward Reverse 

Gear-shift 1st 2nd 3rd 4th 5th 6th 1st 2nd 3rd 

N. of EPG 3 3 3 4 3 4 4 2 2  

Fig. 8. ICE power demand as a function of time for the reference Roll-on 
driving cycle. 

Fig. 9. ICE power demand as a function of time for the reference Roll-off 
driving cycle. 

Table 6 
Mean and maximum power and overall energy consumption at the ICE output 
shaft for the original vehicle as computed by the numerical model and from 
acquired data.   

numerical model acquired data  

PICEmean  PICEmax  EICEtot  PICEmean  PICEmax  EICEtot   

[kW] [kW] [kWh] [kW] [kW] [kWh] 

Roll-on 40.0 190.8 6.67 40.0 181.0 6.67 
Roll-off 25.7 190.0 3.85 27.5 179.7 4.13  
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0.92. 
In order to retrieve the instantaneous efficiency of the EM and to 

assess its actual capability of providing the required power, the EM 
speed and torque profiles, as a function of the vehicle speed, must be 
evaluated. These are computed as follows: 

nEM = nwi0 (6)  

TEM =
60PEM

2πnEM
(7)  

where i0 = 22.3 is the overall gear ratio (Table 1) and nw is the rotational 
speed of the vehicle wheels, which is given by: 

nw =
60v
πD

(8)  

with D being the wheel diameter (∼ 1 m, [33]). The EM operating points 
given by the computed torque-speed pairs fall within the EM regular 
working area, for either the Roll-on and the Roll-off operations, as 
presented in Figs. 10 and 11. The determination of the EM operating 
points allows evaluating the EM efficiency profile ηEM, which is retrieved 
from the available map. The resulting mean efficiency for the EM is 
roughly equal to 0.93 for both the YT operations. This value further 
confirms that the selected EM, along with the choice of not including a 
gearbox in the HEV drivetrain, can be considered a suitable option. 

Finally, the total electric power requested to the HEV FC/battery unit 
is computed as follows: 
⎧
⎨

⎩

Ptot = PEM/ηEM + Paux, if PEM⩾0
Ptot = PEMηEM + Paux, if PEM < 0 (9)  

The calculated profiles of Ptot for the reference Roll-on and Roll-off 
driving cycles are shown in Figs. 12 and 13, respectively, where the 
RoRo operations timeline is also reported as per Tables 2 and Tables 3. 
Table 7 reports the obtained maximum and mean power output as well 
as the overall energy that the HEV FC/battery unit must provide, for 
each reference operation. As expected, the Roll-off operation requires 
lower power and energy outputs with respect to the Roll-on operation. 
However, the HEV powertrain demands for both the operations are 
significantly lower than the corresponding ones for the ICE vehicle, 
because of both the higher overall efficiency of the hybrid driveline (i.e. 
the absence of the gearbox) and the regenerative braking, which is 
considered in the computed values. 

6. HEV powertrain design 

The proposed HEV is designed as a plug-in vehicle, and a schematic 

representation of its powertrain architecture is represented in Fig. 14. 
The HEV power unit should integrate all the main components shown in 
Fig. 14 in such a way to fulfill at least the same energy performance of 
the Diesel engine power unit. In particular, the FC module should be able 
to provide the requested mean power, while the battery pack should be 
able to fulfill the power spikes during critical acceleration events and to 
recover energy when braking. This hybrid architecture allows for 

Fig. 10. EM output operating points in the torque-speed plane, for the Roll-on 
reference driving cycle. 

Fig. 11. EM output operating points in the torque-speed plane, for the Roll-off 
reference driving cycle. 

Fig. 12. HEV power demand as a function of time for the Roll-on reference 
driving cycle. Numbered circles represent the YT operations as described 
in Table 2. 

Fig. 13. HEV power demand as a function of time for the Roll-off reference 
driving cycle. Numbered circles represent the YT operations as described 
in Table 3. 
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components downsizing, thus reducing costs and total weight. Accord-
ing to the scheme in Fig. 14, the FC unit, which is connected via a DC/DC 
converter to the high voltage bus and, in turn, to the battery pack and 
the motor inverter, either supplies electric power to the EM, recharges 
the battery, or accomplishes both tasks simultaneously. Thus, the EM 
can be powered either by the FC, the battery, or both at the same time. 

The hydrogen-powered vehicle has to accomplish the same tasks and 
ensure the same operation capability of the Diesel engine vehicle. This 
means that the new fuel cell/battery hybrid power unit should be able to 
deliver at least the same power requested at wheels as for the ICE 
vehicle, while the electric drivetrain should deliver the same requested 
torque and speed. Moreover, the vehicle’s range of operation has to 
guarantee at least one 6 h shift of continuous operation before refueling 
and recharging. Based on these constraints, and by considering the 
estimated power profile requested at the EM for the most demanding YT 
operation (i.e. Roll-on), the main specifications of the HEV powertrain 
components are defined and provided in the following. 

6.1. Battery pack 

The battery pack in the hybrid power unit has to i) provide power to 
the vehicle during transient operations: the battery pack should be sized 
on the maximum power required by the EM, ii) recover kinetic energy 
during braking: the battery pack should be verified considering the 
maximum allowed charging C-rate from regenerative braking, and iii) 
ensure an adequate all-electric range: the battery pack should store 
enough energy to carry out the ongoing task and drive the vehicle into 
the maintenance box in case of a FC system failure. 

In this study, a LiFePO4) chemistry is considered for the battery pack, 
given its higher cycling and thermal stability features, when compared 
to other battery chemistries [23,39]. In line with typical data for such a 
technology, and in order not to stress the battery, thus avoiding its 
premature wear, the battery maximum peak discharge C-rate is taken 
equal to 5C, while the maximum continuous discharge rate is 3C. As for 
charging, the maximum peak C-rate is taken equal to 1.5C, while the 
maximum continuous charge C-rate is 1C. Table 8 summarizes such 
assumed values. The maximum continuous charging C-rate is expected 
to be reached when the battery pack is charged by the FC stack and the 
vehicle is not in motion, while the peak charging C-rate is likely to occur 
during regenerative braking. When the regenerative power exceeds the 
maximum peak charging power, the mechanical brake kicks in and the 
kinetic energy is dissipated. The recovery of the kinetic energy is a key 
factor in the battery pack sizing, especially considering that the net 

amount of energy that can be potentially recovered from braking is 
equal to the 9.3% and 12.5% of the total tractive energy required to the 
FC/battery unit, for Roll-on and Roll-off operations, respectively, as 
estimated by our model. In general, the most significant regenerative 
braking events occur during the descent of the ramps. As such, the 
maximum share of kinetic energy that can be theoretically recovered is 
higher for the Roll-off operation since, in this case, the YT tows the 
loaded trailer during the descent of the ramps. In contrast, the YT carries 
no trailer when climbing down the ramps during Roll-on operation, thus 
the regenerative braking events are in this case less relevant. On the light 
of this, the battery capacity is set in such a way to maximize the amount 
of recovered energy, while making a trade-off with its sizing. To this 
purpose, a parametric analysis was performed on both Roll-on and Roll- 
off duty cycles to evaluate the maximum share of kinetic energy that can 
be actually recovered, over the total available, depending on the 
installed battery capacity, as represented by the percentage parameter 
Erb portrayed in Fig. 15. For a given battery capacity, the maximum 
share of kinetic energy that can be actually recovered during the Roll-on 
operation is even reduced, since the regenerative braking events 
occurring during the Roll-on operation are characterized by higher 
peaks of power, which may exceed the peak charging power allowed by 
the battery. With an overall battery capacity of 60 kWh, the energy 
storage system is capable of recovering the whole share of available 
kinetic energy during braking events in Roll-off operation, and more 
than the 85% in Roll-on operation. This is a sufficient share in order to 
maximize the energy recovery without oversizing the battery pack. 
Thus, 60 kWh is the nominal battery capacity that is considered in our 
design. 

6.2. Fuel cell stack 

In principle, the FC stack in the hybrid power unit has to provide the 
requested mean power in order to avoid the battery State of Charge 
(SoC) depletion under continuous vehicle operation. Therefore, the FC 
rated power could be selected by considering the mean power requested 
during the most demanding operation, as detected from the duty cycle 
analysis (i.e. 34.0 kW during Roll-on operation). However, the 

Table 7 
Mean power, maximum power and energy consumption at FC/battery output for 
the HEV performing single Roll-on and Roll-off reference operations.   

Ptotmean [kW]  Ptotmax [kW]  Etot [kWh]  

Roll-on 34.0 176.3 5.67 
Roll-off 20.9 169.7 3.14  

Fig. 14. Schematic representation of the proposed HEV configuration.  

Table 8 
Continuous and peak C-rate for battery charge and discharge.   

Continuous Peak 

Battery discharge 3C 5C 
Battery charge 1C 1.5C  

Fig. 15. Percentage of kinetic energy that can be recovered as a function of the 
battery capacity, for Roll-on and Roll-off operations. 
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considered port operations are subject to high variability, in terms of 
real driving conditions. There are indeed several peculiar factors that 
may highly influence the RoRo duty cycles, such as auxiliary power 
during stops required to load and unload the trailers, mean speed con-
straints, driving skills of the driver, variable weight of the trailers, and 
variable slope of the ramps along the path. All of these represent key 
aspects which may affect substantially the power demand of the vehicle, 
in real operation. For this reason, the FC stack rated power must be 
actually oversized with respect to the mean power demand for the 
reference Roll-on duty cycle. The selected FC module is the Ballard 
FCmove™-HD 70 kW [40], which is specifically designed for transit 
buses, medium and heavy duty trucks, and rail applications. As will be 
detailed in Section 7, such a maximum power output matches well with 
the energy requirements of the selected battery pack during its charging. 
The chosen FC module is characterized by an overall high efficiency in 
the desired range of operation, with a peak efficiency of 57%. Moreover, 
its size fits well with the space availability on the YT vehicle under 
consideration. 

7. HEV energy management 

In general, the energy management of a HEV can be addressed by 
means of several strategies [41,42]. These include the adoption of rule- 
based as well as optimal approaches. In particular, optimal control 
strategies, such as those based on Dynamic Programming or the Pon-
tryagin’s Minimum Principle [43,44], are aimed at minimizing the fuel 
consumption over a given driving cycle, while ensuring the fulfillment of 
power request at the wheels of the vehicle. Nonetheless, their imple-
mentation requires the a priori knowledge of the driving cycle, thus 
these algorithms cannot be always applied for on-line energy manage-
ment. Moreover, the fuel cell power profiles always resulted in being 
similar among different controllers based on different algorithms 
[37,45–47]. In particular, since the fuel cell is characterized by an ef-
ficiency monotonically decreasing with the increasing of the load, when 
used, it is run at a partial load, corresponding to the maximum effi-
ciency, and the use at full load is avoided. For this reason, an in-depth 
study on the optimal energy management of the vehicle is left to sub-
sequent steps of this research, while in this work a simplified rule-based 
control strategy is implemented, based on a feedback control on the 
battery SoC. In particular, a Charge Depleting/Charge Sustaining (CD/ 
CS) strategy is employed, where the vehicle is firstly run as a Battery 
Electric Vehicle (BEV) and then, only when the battery charge is 
depleted, it operates as a charge sustaining HEV with the fuel cell 
running at partial load. The key advantage of such an energy manage-
ment strategy lies in its robustness and reliability and inherent ease of 
implementation, being the knowledge of the driving cycle not required a 
priori. These aspects, make it particularly suitable for a preliminary 
estimation of the energy performance for the proposed powertrain 
solution. 

The control algorithm for the implemented energy management 
strategy reads as follows:  

1. At the initial state, the battery is supposed to be almost fully charged, 
that is, the initial SoC is set to 90%. This value, despite being chosen 
arbitrarily, may be considered as representative of realistic condi-
tions: the vehicle continuously operates for a 6 h shift per day, 
therefore, there is sufficient time, during its stops, to recharge the 
battery from the electric grid. Thus, initially, the vehicle operates as 
a BEV, i.e. the EM draws energy only from the battery, while the FC is 
switched off (CD mode of operation). During this stage, the battery is 
discharged until its SoC reaches a predefined limit value, which is set 
equal to 30%. With the occurring of this event, the powertrain 
operation switches to the hereafter referred to as Charging Mode 
(CM).  

2. In CM, the FC starts to operate as primary energy source to supply 
power to the EM and to recharge the battery. In particular, the FC 

power is set to a constant value, close to its allowed maximum power, 
according to the following relation: 

PFC =
EbCrCM

ηDC/DC
(10)  

where Eb is the battery nominal capacity (i.e. 60 kWh), ηDC/DC = 0.93 
is the DC/DC inverter efficiency, while CrCM is a reference battery C- 
rate coefficient during the CM. In particular, the value of CrCM is set to 
1C (that is the maximum continuous battery charge C-rate, as 
already stated in Section 6 and shown in Table 8), thus leading to 
PFC = 64.5 kW, in order to maximize the available power to charge 
the battery while keeping a relatively high efficient mode of opera-
tion for the FC. The battery is then used only to compensate the 
request of power whenever this is higher than that available from the 
FC. Otherwise, the battery is recharged by the FC and, when acti-
vated, also by means of regenerative braking. The battery power Pb 
in CM is therefore computed as follows: 

Pb = Ptot − ηDC/DCPFC (11)  

where negative values of Pb correspond to battery charging. In order 
to preserve and extend the battery life, the recharging current cannot 
exceed the maximum value allowed by the battery pack. Therefore, 
to avoid damaging of battery while recovering as much energy as 
possible, Pb is limited to a maximum value, that is 90 kW (i.e. the 
value corresponding to a C-rate equal to 1.5C, Table 8), during 
charging. Thus, in case that such a limit is reached during a regen-
erative braking event in CM, the FC output power is decreased ac-
cording to the following equation: 

PFC =
Ptot + EbCrCMb

ηDC/DC
(12)  

with CrCMb 
being exactly 1.5C. Clearly, a negative value for PFC from 

Eq. (12) is not allowed. Therefore, in this case, the FC is switched off 
(i.e. PFC = 0). The CM ends as the upper SoC threshold of 40% is 
reached and the hereafter referred to as Discharging Mode (DM) 
begins.  

3. During the DM, the FC works to power the EM and to partially 
recharge the battery, which instead has a primary role to provide 
power for traction. Therefore, the FC power setpoint is reduced with 
respect to the CM mode, thus allowing for a higher efficiency oper-
ation. Specifically, in DM the FC power is set to the value corre-
sponding to the maximum efficiency operating condition 
(ηFC=57%), which falls between 10 kW and 20 kW (Ballard Power 
Systems, private communication). As said, during this mode of 
operation, the battery can be still charged, mainly in regenerative 
mode but also if the instantaneous power request is lower than the FC 
power setpoint. Also, the same power limit as for CM is applied to the 
battery when recovering braking energy. Thus, the routine described 
by Eqs. 11,12 still holds, and it is used to compute and update the 
battery power and the FC power depending on the power demand. In 
DM, the battery discharges until its SoC reaches the lower threshold 
of 30%. From this moment on, the powertrain works so as to 
reproduce a CS mode of operation, by switching continuously from 
CM to DM and viceversa, to keep the battery SoC within the pre-
defined range, until the hydrogen fuel stored on board is fully 
depleted.  

4. Finally, once all the hydrogen is consumed, the CD mode of operation 
is reactivated, in order to lead the battery SoC to its lower limit (i.e. 
30%) and exploit all the stored energy capacity. 

By this energy management strategy, the FC is allowed to operate 
quite efficiently during the overall driving cycle, with mean power close 
to the mean power demand, as it will be shown in the next Section 8. In 
fact, since the FC operation does not directly depend from the requested 
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power at vehicle wheels, this approach allows its downsizing, which also 
leads to a reduction of costs related to the power unit architecture [48]. 

8. Simulation results 

The control algorithm described in Section 7 has been implemented 
into a numerical model in MATLAB environment. Thus, the HEV 
behavior was simulated in order to evaluate the hydrogen fuel con-
sumption, to check for assumptions consistency and verify the proposed 
design of the powertrain. 

The initial battery SoC is assumed to be equal to 90% and a target 
driving range of 6 h is set. Since the reference driving cycles encompass 
only 600 s (Roll-on) and 540 s (Roll-off) of operation (Figs. 5 and 6), the 
target driving cycles are composed of a number of 36 and 40 consecutive 
reference driving cycles, for Roll-on and Roll-off, respectively. The time- 
step Δt for the numerical simulation is 0.25 s, which is equal to the 
sampling time of data from the ECU. The instantaneous hydrogen con-
sumption is calculated, at each time-step, as follows: 

cH2 =
PFCΔt

ηFCLHVH2

(13)  

where LHVH2 = 120 MJ/kg is the lower heating value of hydrogen, and 
ηFC is the FC efficiency. 

First, the all-electric range (AER), that is, the driving range of the 
vehicle in CD mode, and the amount of hydrogen fuel required to 
accomplish the target time of operation were evaluated. As a result, the 
AER of the HEV is equal to 1.0 h and 1.7 h for Roll-on and Roll-off op-
erations, while the hydrogen consumption is equal to 11.5 kg and 5.9 kg 
in the two cases, respectively. Thus, by considering the most critical 
scenario, a hydrogen storage tank with approximately 12 kg of capacity 
can be selected, which would correspond to a storage volume of roughly 
500 liters, if the hydrogen is assumed to be stored on-board at 350 bars 
in gaseous form. 

The evaluation of the tank-to-wheel energy consumption considers 
both the electrical energy consumed by the batteries and the primary 
energy from fuel. Under a complete mission of 6 h, the former accounts 
for 36 kWhe for both the YT operations, while the latter is equal to 383 
kWhf and 197 kWhf, for Roll-on and Roll-off, respectively. This leads to 
an overall energy consumption of 419 kWh and 233 kWh for the two 
operations, which is significantly lower than the value estimated for the 
original Diesel–fueled vehicle: by considering a lower heating value for 
the Diesel of 44 MJ/kg and its consumption over the 6 h of continuous 
operation, estimated on the base of the acquired data, the primary en-
ergy for the Diesel–fueled vehicle amounts to 724 kWhf and 538 kWhf 
for Roll-on and Roll-off operations, respectively. Table 9 summarizes the 
results from this analysis. Once the hydrogen tank has been sized, the 
maximum driving range achievable by the HEV for either the considered 
YT port operations is computed. To this aim, also the availability of 
electrical energy stored on-board into the batteries, once the hydrogen 
storage system is emptied, should be considered. Therefore, a simulation 
was run until either the hydrogen fuel is fully depleted and no electrical 
energy for vehicle traction is available on-board (i.e. the battery SoC 
reaches its allowed lower limit, that is 30 %). The resulting driving 

ranges, in terms of hours of operation and traveled distances are re-
ported in Table 10. Fig. 16 shows the obtained battery SoC profiles as a 
function of time, for the two YT operations. These are computed by 
considering that the SoC variation in time, ˙SoC, is defined by the 
following equations: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

˙SoC = −
Pbηbc

Eb
, for charging (Pb < 0)

˙SoC = −
Pb

ηbd
Eb
, for discharging (Pb⩾0)

(14)  

where ηbc 
and ηbd 

are the battery charging and discharging efficiencies, 
both set equal to 0.97, in line with typical values for the considered 
battery technology. The designed powertrain is able to satisfy the peak 
power requested by the selected driving cycles and to provide enough 
energy to accomplish the target driving ranges in a quite efficient way. 
This is particularly true for the Roll-off operation, for which the 
achievable driving range is almost the double of the target one. Despite 
being a non-optimized energy management strategy, the one applied 
leads to satisfactory results. From the battery SoC trajectory is noted 
indeed that the CD/CS mode of operation is well developed, with the 
battery SoC properly varying between the two imposed threshold limits 
during the CS phase. Also, the designed powertrain takes advantage 
from a quite efficient use of the FC. The CM and DM in Roll-on operation 
last for about 0.25 h each, thus leading to an average efficiency for the 
FC of 51 %. In Roll-off operation instead, the DM, during which the FC 
operates at the lowest power output with the highest efficiency is 
significantly more extended than the CM where, in contrast, the FC 
power output is higher and the efficiency lies to a lower value. In 
particular, in this case the batteries take roughly 0.16 h to get recharged 
from the lower to the higher threshold SoC in CM, while their discharge 
in CS lasts for about 0.74 h. This behavior leads to an average efficiency 
for the FC of 53 %. Figs. 17 and 18 show the power profiles, normalized 
to the maximum requested power (Ptotmax ), for battery and FC during 
consecutive CM and DM stages of Roll-on operation, respectively, along 
with the vehicle speed profile. The trends depicted in Figs. 17 and 18 
refer to a specific interval of time during the CS mode operation, that is 
between 3.05 h and 3.55 h from the start, and they are meant to be 
illustrative examples. The FC power output results to be almost constant 
during both the CM and DM phases, and equal to its set value, respec-
tively. The slight deviations from its two designed points of operation 
are due to the occurring of regenerative braking events, which decrease 
the power demand at the FC, with clear advantages in terms of its effi-
ciency. Similar trends are obtained for the case of Roll-off operation. The 
computed FC mean power, during the whole driving cycle, are equal to 
39.7 kW and 23.5 kW for Roll-on and Roll-off operations, respectively. 
These values are close to the mean power requested by the HEV during 
the considered port operations (i.e. 34.0 kW and 20.9 kW for Roll-on and 
Roll-off, respectively). This further confirms the suitability of the FC 
stack choice, for the designed powertrain. 

Also, the battery power profiles for both the YT operations are 
consistent with those for the overall power demand, as expected. In the 
most demanding scenario, that is the Roll-on operation, the battery 
power output hits a peak of 176.3 kW during the initial CD mode of 
operation and a peak of 162.8 kW during the DM in CS mode of oper-
ation. In particular, the battery maximum discharge C-rate, which oc-
curs during the CD, results to be equal to 2.9C. This value is reached only 
in a very narrow interval of time, corresponding to a peak power request 

Table 9 
Tank-to-wheel analysis: comparison between the hybrid electric YT and the 
Diesel–fueled YT on-board fuel and energy requirements to accomplish the 
target RoRo port operations.   

hybrid electric YT Diesel-fueled YT  

electric energy 
[kWhe] 

cH2 

[kg]  
primary 

energy [kWhf] 
cDiesel 
[kg]  

primary 
energy [kWhf] 

Roll- 
on 

36 11.5 383 59.2 724 

Roll- 
off 

36 5.9 197 44.0 538  

Table 10 
Driving ranges for Roll-on and Roll-off port operations.   

time of operation [h] traveled distance [km] 

Roll-on 6.2 57.0 
Roll-off 10.7 97.5  
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when the loaded vehicle climbs the first slope. Moreover, it is lower than 
the allowed maximum (i.e. 5C), thus it can be considered acceptable. 

To conclude, the presented results provide evidences that such a 
preliminary design of a fuel cell/battery hybrid powertrain for the 
considered heavy-duty vehicle is promising and could open the path 
toward the development of an innovative and efficient propulsion sys-
tem. The findings from this work provide indeed useful indications for 
further optimization, both in terms of powertrain architecture and 
components design, as well as from an energy management standpoint. 

9. Conclusions 

In this work, the preliminary design of a fuel cell/battery hybrid 
powertrain for a yard truck used in port logistics has been proposed on 
the base of real driving conditions, and an exhaustive analysis of its 
energy performance has been conducted in order to assess the capability 
of the hybrid vehicle to accomplish the target port operations. The re-
sults are promising: the proposed hybrid electric vehicle outperforms the 
original Diesel vehicle, in terms of power and energy requirements, 
while producing zero local emissions. The efficient use of the FC allows a 

Fig. 16. Battery SoC as a function of time, for the YT Roll-on and Roll- 
off operations. 

Fig. 17. Top: battery and FC power demands during CM in Roll-on operation. Bottom: vehicle speed profile.  

Fig. 18. Top: battery and FC power demands during DM in Roll-on operation. Bottom: vehicle speed profile.  
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relatively low consumption of hydrogen. 
To the authors’ knowledge, this is a first-of-a-kind analysis, as none 

of all previous known works related to hybrid electric powertrain 
implementations are focused on port applications. The study also pro-
vides driving and duty cycles for real RoRo operations, which may be 
used as standard references in future researches. 

This work paves the way for the development of an innovative FC 
industrial vehicle for applications in port terminals, thus promoting the 
decarbonisation of the port logistic industry by implementing hydrogen 
technologies already adopted in other sectors. Future works will be 
devoted to the implementation of an optimal energy management 
strategy, with the aim of achieving minimization of the hydrogen con-
sumption over the target port operation. Also, multiple mission profiles 
will be identified, in order to test the designed HEV powertrain config-
uration and provide an applicable, flexible and efficient solution for a 
wide range of operations. 
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