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Abstract

The decarbonization and automation of port operations are emerging as key strategies
to enhance the sustainability and efficiency of maritime logistics. This study proposes
a simulation-based framework to assess the operational and environmental impacts of
transitioning from traditional Internal Combustion Engine (ICE) tractors to Battery Elec-
tric Tractors (BET) and Automated Electric Guided Tractors (e-AGT) in Roll-on/Roll-off
(Ro-Ro) port terminal operations. The proposed framework is applied to simulate a full
vessel turnaround at the Ro—Ro terminal of the Port of Ravenna (Italy). A set of Key Per-
formance Indicators (KPIs) is defined to evaluate turnaround time, vehicle productivity,
energy consumption and CO, emissions across three scenarios. The results indicate that
both BET and e-AGT configurations significantly reduce emissions compared to ICE, with
reductions up to 40%. However, the e-AGT scenario reveals operational drawbacks, includ-
ing increased unloading time and reduced fleet availability due to charging constraints
and routing limitations. These findings highlight the environmental potential of automa-
tion and electrification but also emphasize the need for integrated planning of fleet size,
charging infrastructure and circulation specifications. The proposed framework provides
a replicable decision-support tool for port authorities and logistics operators to evaluate
alternative handling technologies under realistic conditions.

Keywords: port automation; electric vehicles; Ro—Ro terminal; discrete-event simulation;
terminal tractors; CO, emissions

1. Introduction

Maritime transport plays a pivotal role in the global freight system, acting as the
backbone of international trade by ensuring the movement of vast quantities of goods across
long distances at relatively low cost and environmental impact per tonne-kilometre. Within
this context, port terminals represent critical nodes where the maritime and land-based
components of the supply chain converge, creating a complex intermodal interface. The
performance of these nodes directly influences the efficiency, reliability and sustainability
of the entire transport network.

Recent studies have shown how congestion, delays and inefficiencies at relevant
transport nodes can have cascading effects across supply chains, resulting in increased
costs, reduced service quality and elevated environmental externalities [1-3]. In particular,
at port terminals vessel turnaround time (i.e., the time a ship spends docked in port
for loading and unloading operations) has emerged as a key performance indicator for
terminal efficiency. Prolonged turnaround times not only limit port throughput, but also
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affect shipping schedules, reduce fleet productivity, and contribute to increased greenhouse
gas (GHG) emissions from both ships and handling equipment.

Among the different cargo handling typologies, Roll-on/Roll-off (Ro-Ro) terminals
remain relatively understudied, despite their growing strategic relevance. Ro—Ro oper-
ations are typically used in the automotive logistics sector or as a flexible alternative to
containerized freight, offering faster cargo handling, simplified infrastructure requirements
and enhanced modal integration [4]. Thanks to their lower draught and smaller vessel size,
Ro-Ro services can serve medium-sized ports, providing additional resilience to the mar-
itime network. However, this operational simplicity comes with unique challenges: Ro-Ro
terminal efficiency depends heavily on internal logistics, tractor fleet management, and safe
coordination between cargo handling staff and vehicles, often under tight time constraints.

From an environmental standpoint, port authorities and logistics operators are under
growing pressure to reduce emissions and embrace low-carbon technologies. The Euro-
pean Green Deal and the FuelEU Maritime Initiative [5] are pushing for decarbonization
of maritime transport, including emission reductions in port operations. In this scenario,
electrification and automation of handling equipment-already partially adopted in con-
tainer terminals—are emerging as promising strategies to reduce energy consumption and
local pollutants. Nevertheless, most applications of Battery Electric Tractors (BET) and
Automated Guided Vehicles (AGVs) have been limited to container settings, while the fea-
sibility and impact of such technologies in Ro—Ro environments remain largely unexplored.
Moreover, the current geopolitical and economic context-marked by the lingering effects
of the COVID-19 pandemic, the Russia-Ukraine conflict, and energy price volatility—has
further emphasized the importance of resilient, efficient and sustainable port operations.
In this framework, Ro-Ro terminals may offer greater flexibility and shorter hinterland
connectivity times, provided their internal operations are optimized and aligned with
technological innovation.

This work advances the state of research by extending simulation-based evaluation
to Ro-Ro terminal tractors, integrating operational process modelling with energy-based
environmental assessment, a combination not fully addressed in existing studies.

This study is motivated by the lack of comprehensive modelling approaches that
simulate Ro—Ro terminal operations during vessel turnaround, especially regarding the
comparative performance of traditional Internal Combustion Engine (ICE) tractors, BETs
and Automated Guided Electric Tractors (e-AGTs). Existing research has rarely addressed
the transport operations carried out by tractors within Ro—Ro terminals, nor has it evaluated
the operational trade-offs and environmental implications of introducing electric and
automated vehicle fleets in this context. By proposing a simulation framework based on
the Element-by-Element (EbE) approach [6] with a real-world application at the Ravenna
Ro-Ro terminal (Italy), this study aims to fill a relevant research gap, seeking to offer policy-
relevant insights on the interaction between automation, electrification and port-terminal
layout design.

The remaining of the paper is organized in the following way. Section 2 contains a
literature review on the involved topics, Section 3 describes the model of Ro—-Ro terminal
operation, Section 4 introduces the application of the proposed approach to a case study.
Finally, Section 5 summarizes the main results and findings; conclusions, study limitations
and scope for further research on the topic are detailed in Section 6.

2. Literature Review

The simulation of port terminal operations has long represented a critical research
area in maritime logistics and transport engineering, owing to the complexity and variabil-
ity inherent in terminal environments. Broadly, simulation approaches can be classified
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into three main categories based on the level of abstraction and analytical granularity:
microscopic (discrete-event), mesoscopic, and macroscopic (continuous-flow) models.

Microscopic simulation models, including discrete-event simulation, are widely used
in terminal studies due to their capacity to represent detailed interactions between individ-
ual agents—such as vehicles, containers, and workers—and infrastructure components (e.g.,
gates, berths, storage yards). These models allow for high-fidelity tracking of operational
sequences, delays, queuing dynamics, and resource constraints, and are particularly suited
for assessing Key Performance Indicators such as turnaround time, equipment utilization,
and bottlenecks [7-9]. Macroscopic models, in contrast, adopt a system-level perspective
by treating flows of goods and/or vehicles in an aggregated manner using continuous
variables and differential equations. These models are typically used for strategic planning,
demand forecasting or long-term infrastructure assessment and, while less detailed, they
offer computational efficiency and the ability to incorporate systemic feedback loops, such
as berth congestion effects on maritime routing [10,11]. Mesoscopic models occupy a mid-
dle ground by simplifying individual behaviours into probabilistic rules, while preserving
relevant aspects of operational sequencing. In recent years, agent-based modelling has
also gained relevance in terminal studies, allowing for the representation of autonomous
decision-making by individual agents (e.g., vehicles or operators) within complex adap-
tive systems [12,13]. This approach is especially relevant when evaluating innovative
technologies such as autonomous tractors or cooperative scheduling algorithms, where
emergent behaviour is difficult to capture using classical discrete-event simulation models.
Building on these modelling categories, recent research has explored a range of strate-
gies and operational solutions aimed at improving terminal performance under diverse
operational conditions.

Over the past two decades, various strategies have been proposed to enhance port
terminal efficiency, ranging from IT-driven optimization of vessel turnaround time and
berth allocation, improvements in storage yard management and activity aggregation
across different temporal and spatial scales [14-16]. Despite these advancements, inte-
grated models capable of simulating entire terminal systems holistically, especially under
conditions of uncertainty, remain challenging to implement effectively [17]. Beyond opera-
tional efficiency, increasing attention has been devoted to the environmental dimension of
port activities, driven by both regulatory requirements and societal pressure to decarbonise
maritime logistics.

The first guideline explicitly dealing with this topic was the EU’s 2011 White Paper on
transport, which emphasized the urgent need to reduce greenhouse gas (GHG) emissions
in freight logistics. More recently, FuelEU Maritime Regulation (EU 2023 /1805) mandates a
stepwise reduction in the greenhouse gas intensity of powertrain energy sources used by
ships calling at EU ports starting from a 2% reduction in 2025 to reach an 80% reduction
by 2050. Maritime transport, although relatively efficient in terms of emission per tonne-
kilometre, still accounts for approximately 2.3% of global CO, emissions, mostly originating
from large container and tanker vessels [18,19]. To mitigate this impact, a combination of
network-level strategies [20,21] and port-specific initiatives—often involving partnerships
between port authorities and shippers-has been adopted, albeit with uneven results [22,23].
Technological interventions span from vessel-based solutions (e.g., cold ironing, automatic
mooring) to terminal-level equipment upgrades [24,25]. However, much of this literature
remains focused on container terminals, leaving Ro-Ro operations comparatively less
explored. Notable exceptions include Jia et al. (2022) [26], who demonstrated the benefits
of dual-cycling on turnaround time and CO; emissions and a series of studies evaluating
the environmental performance of electric and hydrogen-powered terminal tractors in
isolated contexts [27-29]. While these technological and policy-driven initiatives have
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been extensively investigated in container terminal contexts, their application to Ro-Ro
operations, particularly in conjunction with automation, remains comparatively limited.

The integration of automation into Ro—Ro terminal contexts remains particularly lim-
ited in the literature. While some studies have considered automation at the level of system
architecture or vessel stowage planning [30,31], explicit modelling of automated vehicle
performance during terminal operations is lacking. Park et al. (2022) [32] suggest that re-
cent technological advancements, such as Al-driven navigation, could enable autonomous
tractors to operate safely in terminal environments, but real-world applications are still
at an experimental stage. From a systemic perspective, Ro—Ro services are increasingly
recognized as a sustainable intermodal solution, facilitating efficient integration between
maritime and road transport [33-35]. Research in this area has primarily focused on system
modelling [36], port choice behaviour [37,38], network connectivity [39] and freight flow
estimation [40,41]. However, simulation studies tailored to the operational dynamics of Ro—-
Ro terminals remain sparse. Investigations into terminal capacity [42], origin-destination
route capacity [43] and the impact of planning decisions on efficiency and emissions [36]
have laid useful groundwork but stop short of modelling tractor-based transport during
vessel turnaround.

To summarize, only a limited number of simulation frameworks offer an integrated
evaluation of operational and environmental performance in Ro-Ro terminals. When envi-
ronmental aspects are considered, they typically rely on static emission factors and overlook
energy dynamics at the vehicle level. This study addresses that gap by combining a discrete-
event simulation of tractor-based operations with a physics-based energy consumption
model, enabling a detailed and realistic comparison of alternative handling technologies.
Unlike previous port simulation frameworks, our approach links activity-level operational
modelling with load-specific energy calculations, providing a high-resolution assessment
of both efficiency and emissions in a Ro—Ro terminal context.

3. Methodological Approach

To evaluate the performance of different terminal tractor technologies in a realistic
Ro-Ro operational context, this study adopts a simulation-based methodology designed
to integrate both operational and environmental dimensions. The proposed approach
builds upon the Element-by-Element (EbE) modelling logic and is implemented through a
discrete-event simulation environment capable of capturing resource constraints, vehicle
interactions and process variability.

The methodology is articulated into a sequence of interdependent phases that reflect
the key components of vessel turnaround operations, from berth allocation to yard move-
ments and battery management. Specifically, the following subsections describe: (i) the
general structure of the simulation model and its main parameters (Section 3.1), (ii) the
modelling of berth and yard activities with a focus on vehicle movements and energy
consumption (Section 3.2), and (iii) the definition of Key Performance Indicators (KPIs)
used to quantify both operational efficiency and environmental impact (Section 3.3).

3.1. General Modelling Framework

The methodological framework developed in this study aims to evaluate, in an inte-
grated perspective, the operational and environmental performance of internal transport
activities in Ro-Ro port terminals during vessel turnaround. As schematically illustrated
in Figure 1, the approach is structured into a sequence of interrelated modelling and
simulation phases, each contributing to a comprehensive assessment of alternative opera-
tional scheme.
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Figure 1. Schematic representation of the methodological framework for the evaluation of operational
and environmental performance of transport activities in Ro—Ro terminals.

The first phase involves the definition of the terminal environment and the configura-
tion of the operational processes. This includes the physical layout of the Ro—Ro terminal,
the circulation rules for tractors, the characteristics of intermodal transport units (ITUs)
and the technical specifications of the three tractor types under comparison-ICE tractors,
BETs and e-AGTs. The vessel turnaround cycle is broken down into key operational phases
(arrival, unloading, yard movement, loading, departure), which establish the operational
boundaries of the model.

The methodological approach enables the disaggregation of terminal processes into
elementary activities. Each operation—-tractor movement, coupling/de-coupling (hook-
ing/unhooking in the remaining of the paper) of ITUs, loading /unloading, waiting and
battery charging—is treated as a distinct process with its own parameters (e.g., duration,
energy consumption, distance travelled). This modular structure allows for a detailed and
transparent analysis of the contribution of each phase to the terminal’s overall performance.

Three scenarios are modelled, each corresponding to a different powertrain configura-
tion: Scenario 1: ICE tractors (baseline); Scenario 2: BETs; Scenario 3: e-AGT tractors with
autonomous navigation and modified circulation rules. As described in the following sec-
tion, the power consumption of each vehicle is modelled using physics-based formulations,
accounting for vehicle mass, rolling and aerodynamic resistance and drivetrain efficiency.
For electric vehicles, the battery State of Charge (SoC) is dynamically updated based on
instantaneous energy use and charging events, incorporating auxiliary power demand and
minimum SoC thresholds that trigger recharging.

The dynamic interactions between resources (tractors, charging stations), ITUs and
infrastructure are simulated using a discrete-event modelling approach. The simulation
accounts for sequential or parallel task execution, resource allocation and queuing, time-
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dependent stochasticity of process durations and terminal-specific circulation rules (e.g.,
one-way loops for e-AGTs). The simulation tracks each tractor’s activity in real time, includ-
ing idle periods, charging events and availability, thus providing an accurate representation
of the system under realistic operational conditions. Operational and environmental KPIs
are computed throughout the simulation, finally allowing the comparative analysis of the
three scenarios, enabling a quantitative assessment of the trade-offs associated with each
vehicle technology.

Figure 2 below details the activities related to the vessel arrival and departure cycle
(n°® arrival/departure ITU) in which the terminal tractor cycle is split into its elementary
transport components along with a brief description of the yard and quay transport activi-
ties for Ro—Ro terminal tractors, whose characteristics (engine, operation time required to
perform certain tasks . ..) have an impact on the energy requirement, the fleet size and the
vessel time in port.

1
. Vessel arrival
1! Start of berthingtime

Vessel Unloading Process (Arrival)
a b < d e
JUELEE R RER Coupling :’he tr:;ctor tra;/els De-coupling The tractor returns
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onboardthe vessel el the assigned yard onthe yard
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¥ |
2
hd
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the assigned TUon |_4l tractor — ITU from the yard 1 tractor — ITU to the yard
the yard on theyard L as;l.gned onboard
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¥ |
3

|
________________ 1

Figure 2. Terminal Tractor cycle for a Ro-Ro vessel turnaround.

If the vessel arrives on schedule (phase 1, Figure 2), pilot and tugboats escort the ship
to the assigned berth, which fits the vessel size and draught; otherwise, tug will take place
as soon either the service or a suitable berthing point is available. Vessel berth time starts as
soon as the ship is berthed. Then, cargo handling staff units unfasten the reef-bands of the
unit loads to be unloaded and the vessel unloading process starts (phase 2, Figure 2): freight
is disembarked on their wheels (cars and complete vehicles) or by tractors (semitrailers)
(2a and 2b, Figure 2) and routed to the storage area (2c, Figure 2) for parking, where the
ITU is un-hooked (2d, Figure 2) and left on the yard while the tractors iterate the process
(2e, Figure 2) until the arrival process ends.

By the vessel’s arrival, export unit loads have already undergone compliance and
documentation controls and are in place in the export storage area for the loading phase to
begin (phase 3, Figure 2). On yard, terminal tractors reach the assigned ITU (3a, Figure 2)
and, after removing standings, hook (3b, Figure 2) and carry them onboard one by one (3¢,
Figure 2) to the assigned position where the units are un-hooked (3d, Figure 2). Then, the
tractors iterate the process (3e, Figure 2) until the loading ends, then the freight is secured to
the ships’ deck and the vessel waits for clearance. The berthing time ends when the vessel
is cleared and the berthing point is left (phase 4, Figure 2). In the following subsections, the
details of transport phases performed by tractors during a Ro-Ro vessel turnaround and
the relative KPIs are introduced and described.
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3.2. Modelling of Berth and Yard Processes

Berth and yard operations in Ro—Ro terminals involve the longitudinal movement
of ITUs between the quay and the yard, as well as hooking and unhooking procedures
required for vessel loading and unloading. In this study, these processes are modelled
through a simulation framework that captures both operational dynamics and energy
performance, enabling comparison across different vehicle powertrain technologies.

The simulation replicates the entire vehicle operation cycle, including movement
phases during unloading (2a, 2c, 2e in Figure 2) and loading (3a, 3¢, 3e), as well as the static
phases associated with hooking and unhooking (2b, 2d, 3b, 3d).

The motion phases are characterized using a vehicle energy model, adapted from Fiori
et al. (2021) [44], which quantifies the instantaneous power required to overcome inertia,
rolling resistance and aerodynamic drag:

P (t) = | mror(t)a(t) + (mror(tygn) + (3r0-Cospo?) o)

where mror(t) is the total vehicle mass, a(t) and v(t) are acceleration and speed-time
functions, g is the gravitation acceleration, 7, is the specific rolling resistance coefficient; p is
the air density on sea level; Sy and Cp are the frontal cross section area and the body shape
coefficient of the vehicle, respectively. Then, mror(t)-a(t) is the tractive effort necessary to
keep the vehicle in motion; mror(t)-g-tr is the rolling resistance and %~p~CD-S f-v(t)2 is the
aerodynamic drag.

The engine power function Pr(t) is expressed by:

Py (t
Pr(t) = w(t)
NsHNE YBAT

()

where #sy, #E and 5p47 are the efficiency of the shaft, engine and battery (if present),
respectively. In addition, in the case of BET and e-AGT, auxiliary power P, is also
considered. The SoC is dynamically updated during each activity phase:

 Jo [Pr(t) + Puus]dt

SoC(t) = SoC(0) Cappe
a

)

where fot [Pr(t) + Paux]-dt is the energy used over the time step and Capy,, is the battery
capacity. A threshold value is defined to trigger vehicle recharging. When SoC falls below
this threshold, the vehicle enters a charging cycle, during which it becomes unavailable for
operation until full charge is restored.

In addition, the specific energy consumption function EC(t) normalized over the time
can be expressed by:
Sy [Pr() + Paus]-dt

[y o(t)-dt

In specific cases, the speed profile v(t) in Equations (1) and (4) can be replaced by

EC(t) (4)

average speed or simplified distribution functions; relevant examples can be uncongested
contexts such as port quays, storage areas or airport airside [32,45].

The range of battery electric vehicle depends on battery size/capacity, path, driving
style, temperature, load and average speed. Recharge can happen at the depot at night
(lower power and longer time are required) or in line during idle times (known as “oppor-
tunity charge”, which involves high power and takes between 5’ and 10" to be completed).
The charging process (path towards the charging station, waiting in the queue and opportu-
nity charge duration) for BET and e-AGT tractors takes place in a charge infrastructure node.
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For each performed action (Figure 2), the battery consumption is computed by applying
Equation (4) and the residual SoC for each vehicle is updated by means of Equation (3). The
rule behind the simulation of the electric battery charge is the comparison between the j-th
vehicle’s residual SoC and a minimum charge threshold (SoCyp); if residual SoC > SoCpin
another operation can be carried out; otherwise, the j-th vehicle goes to the charging station,
where the SoC is brought back to 100%. The time needed to charge is labelled as CT:

(1 =%S0OC;)-Capg,,
Pcharge

CT; = 3600 )
and depends on the residual SoC of the j-th vehicle, on the capacity of the battery Capy,,
and on the power output of the charge infrastructure P .-

3.3. Definition of KPIs for Handling Operation

The evaluation of terminal tractor performance during vessel turnaround requires
a structured set of Key Performance Indicators capable of capturing both operational
effectiveness and environmental impact. These indicators are defined in alignment with
the Element-by-Element modelling approach and serve as the foundation for scenario
comparison among different vehicle types.

3.3.1. Operational Time Indicators

Handling activities are disaggregated according to their location (yard or vessel), phase
(loading or unloading) and nature (motion or static). Each time component is expressed us-
ing the notation Ty, where u = {1 = vessel;2 = yard}; y = {1 = loading;2 = unloading};
z = {1 = motion;2 = hooking/unhooking}.

From these elementary components, the following cumulative time indicators are
derived (Table 1), allowing precise estimation of the tractor fleet’s time allocation across
operational segments.

Table 1. List of operational time KPIs.

KPI Description Structure

Toy Time On Yard (in motion) Tr11 + Toot

Tos Time On Board (in motion, during loading and unloading) Ti111 + Tio1

Tosoklond Total duration of hooking lloading activiti,es—bot.h on-yard Tits + Tora

’ and on-board—for which the tractors’ speed is zero
Toookunlond Total duration of hooking uploading activi,ties—bgth iz + oo
’ on-yard and on-board—for which the tractors’ speed is zero
Thook vessel Total duration of hooking activities on vessel Ti12 + T2
Thook,yard Total duration of hooking activities on yard Tr1p + T
Thook Total duration of hooking activities Thook,load + Thook,unload

Total time on-board Total working time spent on-board ToB + Thook vessel
Total time on-yard Total working time spent on-yard Toy + Thook yard

3.3.2. Distance-Based Indicators

Each vehicle’s path is tracked to compute distance-related KPIs (Table 2), critical for
evaluating fleet productivity and estimating energy consumption and emissions.
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Table 2. List of operational distance-based KPIs.
KPI Description
Km Distance travelled on-board, in hooked
on—board configuration (lower speed)
Koy —yara Distance in the yard, unhooked (higher speed)
Kmjpad, Kyniond Distance travelled per transport phase
Total distance travelled by all tractors during
N
vessel turnaround
Km Total distance covered to reach the charging station
trav,charge (BET and e-AGT only)

3.3.3. Battery and Charging Performance Indicators (for BET and e-AGT)

For electric vehicles, additional KPIs quantify the impact of battery-charging processes
on overall performance (Table 3), reflecting the availability and utilization rate of electric
vehicles, as prolonged charging or queuing may lead to temporary service interruptions
and reduced fleet efficiency.

Table 3. List of battery and charging KPIs.

KPI Description
Tenarge Total charging time, summing all individual charging events
Ttrav,charge Total driving time to charging station

Total time spent at charging stations (dependent on

Toai . .
wait,charge infrastructure capacity and fleet demand)

3.3.4. Environmental Indicators

The CO, emissions generated during transport and handling are computed through a
combined model based on:

e  distance travelled at different speeds with corresponding emission factors e; [gCO, /km]
at the given k-speed (yard and onboard operation take place at different speed);

e  hooking/unhooking durations with time-based emission factors ¢;, [gCO, /h] during
the ITU’s hook/unhook phase.

e  Total emissions for the entire fleet EE%”ZZ can be expressed as:

E?gf = Zj(Zk e Kimtotal jkt-en-Thook,j) ©)

where Kyt jx is the distance driven at the given k-speed by the j-th vehicle and T, is
the duration of the ITU’s hook/unhook phase for the j-th vehicle.

For ICE tractors, the emission factors used in the simulation (gCO;/km for motion
phases and gCO, /h for static phases) are derived from literature [46,47] and are based on
unit emission coefficients expressed in gCO, per litre of diesel fuel. For electric vehicles,
emissions are computed from energy consumption (kWh) multiplied by the electricity grid
emission factor (gCO, /kWh), also in line with the literature. This approach is consistent
with the distance- and time-based structure of the discrete-event simulation and with the
available operational data. Nonetheless, the framework can readily incorporate emission
factors expressed directly in g/kWh for ICE tractors when detailed engine load profiles are
available. Such g/kWh factors, commonly used in thermal machinery emission inventories,
relate emissions to the useful mechanical work produced, improve comparability between
engines with different efficiencies, and reduce dependence on fuel properties. While the
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current activity-based approach aligns with available operational data, it does not explicitly
resolve load-specific variations in fuel conversion efficiency as would be possible using a
full engine fuel-efficiency map. Incorporating such load-based modelling would represent
a valuable extension to refine emission estimates, particularly for scenarios involving
different rated powers or duty cycles.

4. Case Study

To validate the proposed methodological framework and assess its applicability to
real-world conditions, a case study was implemented at the Ro—Ro terminal of the Port
of Ravenna, located in the Emilia-Romagna region, on the Adriatic coast of Italy. This
terminal plays a key role within the national and European logistics system, serving as
a core node along three of the nine TEN-T corridors. Its strategic positioning ensures
multimodal connectivity with northern and central Europe, supported by integrated road
and rail infrastructure. The Ro-Ro terminal covers an area of approximately 128,000 square
metres, with a storage capacity for about 500 semitrailers and a 473-metre-long quay that
allows the handling of a single vessel.

The analysis focuses on the internal operations of the terminal during a complete
vessel turnaround cycle involving only semitrailers, which corresponds to the current
operational setting of the terminal. The simulation is structured around three distinct
scenarios, each representing a different tractor fleet configuration:

e Internal Combustion Engine (ICE) tractors (Scenario 1),
e  Battery Electric Tractors (BET) (Scenario 2),
e  Automated Electric Guided Tractors (e-AGT) (Scenario 3).

In all scenarios, the number of tractors is kept constant (seven units) and unloading
and loading operations are executed sequentially. The circulation within the terminal
is bidirectional for ICE and BET vehicles, while a closed-loop, one-way configuration is
applied for e-AGT to meet safety and automation requirements.

The simulation incorporates 253 semitrailers to be unloaded and 184 to be loaded,
with payloads generated using a triangular distribution (min 15,000 kg, mode 25,000 kg,
max 35,000 kg), based on reference literature [48,49]. The semitrailer arrival process
follows a negative exponential distribution to replicate real-world traffic peaks and
weight/documentation controls are assumed at the entry point. Onboard cargo handling
activities are estimated to last 1 h and 18 min, in line with practices directly observed at the
terminal. All simulation experiments are repeated across 20 iterations to ensure statistical
robustness and allow for scenario comparison. The location of the Port of Ravenna and
the layout of its Ro—Ro terminal used to implement the simulation are represented in
Figures 3 and 4, respectively.

Each tractor type is characterized by specific technical parameters related to engine
power, weight, speed profiles, emissions and—where applicable-battery performance. ICE
tractors operate with 320 kW engines and emission factors of 1053 gCO,/km onboard
and 800 gCO, /km in yard segments. It should be noted that the 320 kW value refers to
the maximum rated engine power of a high-spec yard tractor model. In typical Ro-Ro
operations, actual power demand is significantly lower and well within the capabilities
of smaller ICE tractors in the 200-220 kW range, which are commercially available and
could perform the analyzed tasks with minor trade-offs in acceleration margins and hill-
climb performance. BET and e-AGT tractors are modelled with 110 kW engines, and
their environmental impact is computed indirectly through energy consumption and the
assumed electricity emission factor. Specific emission factor in motion [gCO,/km] for
ICE, BET and e-AGT have been derived by the literature for both yard (speed V1) and
onboard (speed V2) configurations [48,49]. Specific emission factor in standstill position



Future Transp. 2025, 5, 121

11 0f 18

(i.e., speed V4 = 0) [gCO,/h] for semitrailer hook/unhook phases and the duration of
hooking activities are also derived by the literature [32,36]. The average speeds used in
the simulation are set according to operational constraints—such as yard traffic conditions,
routing inside the vessel, safety regulations, and maneuvering phases—and are not limited
by the rated engine power.

Figure 3. Location map of Ravenna port and Ro—-Ro terminal.
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Figure 4. Layout of the Ro-Ro terminal used for the simulation.

The e-AGT scenario additionally integrates a reduced and constant operating speed
and an optimized circulation scheme designed to minimize conflicts and vehicle interac-
tions, leveraging onboard sensing systems. Battery-powered vehicles (BET and e-AGT) are
subject to dynamic State of Charge tracking during the simulation. Recharging is triggered
when the SoC drops below a minimum threshold of 15% and the corresponding recharge
process includes vehicle repositioning, queuing (when infrastructure is occupied) and
charging time, which follows a triangular distribution (20-30 min, mode: 25 min). The
simulation assumes that only two vehicles can charge simultaneously, thus introducing
potential delays in fleet availability depending on charging demand and vehicle rotation.
The auxiliary power demand of electric vehicles and the impact of charging cycles on
operation times are explicitly represented. Hook and unhook semitrailer time follow a
normal distribution, while semitrailer payload follows a triangular distribution. See Table 4
for a summary of the mentioned characteristics.
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Table 4. Tractor and semitrailer characteristics.
ICE-Scenario 1 BET-Scenario 2 e-AGT-Scenario 3
Weight [kg] 12,000 12,000 12,000
Power [kW] 320 110 110
V1 =N (16; 3) V1 =N (16; 3) _ )
Speed [km/h] V2 =N (10; 3) V2 =N (10, 3) V3 =K (10;0)
1053.33 (V1 700 (V1
¢ [5CO, /km] o (v(2) ) o EVZ)) 560 (V3)
ey [gCO,/h] 600 (V4) 420 (V4) 420 (V4)
Battery charge time n/a t = TR (20; 30; 25) min t = TR (20; 30; 25) min
SoCrin n/a 15% 15%
Semitrailer payload [kg] w = TR (15,000; 35,000; 25,000)
Semitrailer hook time [min] tn = N (1.55; 0.724)
Semitrailer unhook time [min] tun = N (1.09; 0.515)

The model is implemented in AnyLogic, a discrete-event and agent-based simulation
environment suitable for representing complex, resource-constrained systems such as
port terminals. The simulation accounts for all stages of the turnaround cycle, including
stevedoring, internal yard transport, ITU hooking /unhooking, vehicle queuing and routing
and battery management. Randomness is introduced in payload distributions, driving
times, energy consumption and recharging events to reflect realistic variability. Initial
conditions assume vessel arrival at 09:00, with unloading beginning at 10:18. All tractors
are available at the start of the operation. For BET and e-AGT, SoC levels are initialized
at 100%.

The validation of the proposed framework is carried out on two complementary
levels. From a methodological perspective, the modelling architecture, combining discrete-
event simulation of Ro-Ro terminal operations with a physics-based energy consumption
module, is grounded in established approaches from the literature and implemented using
parameters and formulations consistent with recognized engineering practices. This ensures
internal validity and theoretical robustness. From an application perspective, the case study
is tested against observed operational data from the Port of Ravenna. In particular, key
performance indicators from the baseline ICE scenario, including vessel turnaround time,
average tractor travel distances, hooking /unhooking durations and fleet utilization rates,
are compared to terminal records and direct observations. Furthermore, all physical
and environmental parameters, such as tractor speeds, payload distributions, battery
characteristics and emission factors, are cross-checked against peer-reviewed sources and
manufacturer specifications to ensure plausibility.

The simulation is designed to capture the interaction between operational param-
eters (e.g., circulation logic, fleet utilization, layout configuration) and environmental
indicators (e.g., energy consumption, charging behaviour, CO, emissions), allowing for a
comprehensive and comparative evaluation of the performance of conventional, electric
and automated handling fleets.

5. Results and Discussion

The simulation outcomes provide a detailed comparison of the operational and envi-
ronmental performance of three considered types of terminal tractors during a complete
Ro-Ro vessel turnaround cycle at the Ravenna terminal. Results are analyzed according
to key performance indicators (KPIs) grouped into three categories: turnaround time and
fleet performance, distance travelled and activity distribution and CO, emissions.
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In terms of vessel turnaround time, the adoption of BETs and e-AGTs introduces
notable variations (Table 5). While BETs yield performance similar to ICE tractors in both
unloading and loading phases, e-AGTs show a significant increase in total Ship Unloading
Time (SUT), rising from 6:13 h in the ICE scenario to 8:28 h. The difference in Ship Loading
Time (SLT) is less pronounced (from 5:38 to 6:08 h). This discrepancy is largely attributable
to the lower average speed and the mandatory unidirectional circulation rule applied to
e-AGTs for safety reasons. Moreover, the need for battery recharging imposes additional
constraints, as tractors temporarily exit service during the charging process. For e-AGTs,
the total time spent on battery charging exceeds 5 h and 50 min, with over 3 h lost due
to queuing at the charging station. This sharply contrasts with the ICE tractors baseline,
which requires no interruptions.

Table 5. Simulation outputs: effects on vessel turnaround time.

ICE BET e-AGT
Ship Unloading Time SUT [hh:mm)] 06:13 06:05 08:28
Ship Loading Time SLT [hh:mm] 05:38 05:46 06:08
Tcharge [hh:mm] n/a 02:53 05:53
Ttrav,charge [hh:mm] n/a 00:09 00:37
Twait,charge [hh:mm] n/a 01:57 03:08

Fleet productivity, measured by total distance travelled and number of completed
trips per vehicle, shows minor variation across scenarios (Table 6). Despite the circulation
constraints imposed on e-AGTs, the total distance covered remains comparable across
vehicle types, suggesting that the relatively compact size of the terminal layout mitigates
the inefficiencies associated with longer routing paths. However, e-AGTs exhibit longer
cumulative time on the yard (Tpy in Table 6), which rises from 32:26 h (ICE) to over
50:48 h. This increase is due not only to lower speed but also to multiple recharging cycles
required within a single operation window. The high uniformity in trip distribution among
tractors also leads to synchronized recharging needs, causing temporary halts in operation
when no vehicle is available. The hooking and unhooking operations (T}, in Table 6)
represent a significant share of total tractor activity time in all scenarios, exceeding 21 h
in each case. These activities, although static from a spatial perspective, impose energy or
fuel consumption—especially for ICE tractors—due to engine idling and auxiliary system
use. The overall pattern reveals a consistent time burden across vehicle types, indicating
that automation (e.g., e-AGT) does not currently provide significant time savings in this
phase, likely due to conservative operational assumptions adopted to reflect real-world
safety standards.

Regarding environmental performance, results highlight substantial reductions in
CO, emissions when transitioning from ICE to electric alternatives (Table 7). Total emis-
sions fall from approximately 616,000 gCO, (ICE) to 420,000 gCO, (BET), corresponding
to a 31.8% reduction. The e-AGT scenario achieves the highest environmental benefit,
with total emissions reduced by 40% compared to ICE. When normalized per ITU, the
emissions decrease from 1409 gCO, /ITU (ICE) to 846 gCO,/ITU (e-AGT). A further nor-
malization by total payload confirms this trend, with the unit emission falling from 0.038
to 0.023 gCO, /kg. These values are consistent with existing studies in container terminal
contexts [48,49] and confirm the potential of automated electric vehicles to support port
decarbonization strategies.
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Table 6. Simulation outputs: effects on fleet productivity.

ICE BET e-AGT

[hh:mm:ss] [hh:mm:ss] [hh:mm:ss]
Ti11 14:16:59 14:05:22 13:51:37
Ti12 05:08:19 05:25:11 05:07:29
Ti71 16:02:23 16:02:23 16:42:35
Ti 06:55:49 07:02:49 06:54:49
Tr11 11:14:13 11:23:18 17:28:56
Tr1o 03:40:41 03:02:24 03:08:36
T 21:12:21 21:16:23 23:22:22
Troo 05:38:23 05:38:23 06:48:20
Tos 30:19:22 30:07:45 30:34:12
Toy 32:26:34 32:39:41 40:51:18
Thook 21:22:47 21:08:47 21:58:47
Total time on board 42:23:45 42:35:45 42:36:45
Total time on yard 41:45:38 41:20:28 50:48:14

Table 7. Simulation outputs: environmental effects.
ICE BET e-AGT
Etcog’; [gCO,] 615,986 420,345 369,857
EZ5 T [gCO, /1TU] 1.409 0.961 0.846
Econ’™8 [gC0, /kg] 0.038 0.026 0.023

However, the environmental gains come at the expense of operational reliability and
turnaround time, particularly in the case of e-AGT. The results suggest that without a suffi-
cient number of vehicles or charging stations, the adoption of automation may undermine
service levels—especially under high traffic volumes or when multiple vessels are handled
in parallel. The simulation shows that even under current single-vessel operations, fleet
availability becomes a limiting factor when recharging needs overlap. Unless compensated
by fleet expansion, increased charging capacity, or operational adjustments (e.g., lower SoC
thresholds, opportunity charging during idle phases), terminal efficiency may deteriorate.

These trade-offs underscore the importance of infrastructure planning and charging
station dimensioning when transitioning to electric or automated handling fleets. The
closed-loop circulation rule adopted for e-AGT, while justified from a safety perspective,
also emerges as a critical factor limiting productivity. In larger terminals or under more
complex operational conditions, its impact would likely be even more pronounced. Overall,
the case study highlights the feasibility of electrification and automation in Ro—Ro terminal
operations from an environmental standpoint but also emphasizes the need for careful
integration of supporting infrastructure and adaptive operational strategies. The simulation
framework proves effective in quantifying both operational bottlenecks and emission
savings, providing port authorities and terminal operators with a decision-support tool to
guide technology adoption under realistic conditions

6. Conclusions

This study presented a simulation-based framework to evaluate the operational and
environmental performance of Ro—Ro terminal tractors powered by internal combustion
engines, battery electric systems and automated electric guided technologies. Using the
Element-by-Element modelling approach and a discrete-event simulation environment,
the study captured the detailed dynamics of vessel turnaround operations at the Ro-Ro
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terminal of the Port of Ravenna, offering a realistic assessment of the trade-offs introduced
by electrification and automation.

The results show that the transition from conventional diesel tractors to electric and
automated vehicles has the potential to significantly reduce CO, emissions, with BET and
e-AGT fleets achieving emission reductions of approximately 32% and 40%, respectively,
compared to the ICE baseline. When normalized per transported ITU or per unit of pay-
load, these savings confirm the strong environmental benefit of adopting zero-emission
yard handling technologies. From an operational standpoint, however, the advantages of
automation are less clear-cut. While BET vehicles performed comparably to ICE tractors
in terms of turnaround time and fleet productivity, the e-AGT scenario was associated
with longer unloading durations, increased yard activity time and higher sensitivity to
battery-charging constraints. The combination of reduced speeds, circulation constraints
(unidirectional routing) and limited charging infrastructure led to lower vehicle availability
and potentially introduced delays, particularly during high-demand phases. Future ex-
tensions of the model will incorporate advanced charging management strategies, such
as opportunity charging during operational idle periods and dynamic SoC threshold-
ing, to evaluate their potential in reducing queue times and improving the operational
performance of automated electric fleets.

These findings underscore the importance of holistic planning when introducing elec-
tric and automated technologies in port environments; in fact, infrastructure dimensioning,
fleet sizing and process redesign must be considered in parallel to avoid unintended con-
sequences on service levels. While electrification appears readily feasible with limited
operational disruption, full automation requires more careful integration, particularly in
legacy terminals with spatial or organizational constraints. Nonetheless, several limita-
tions of the present study should be acknowledged. First, the simulation focuses on a
single vessel turnaround and a fixed number of handling vehicles, which may not fully
capture the variability and complexity of multi-ship or high-traffic scenarios. Second,
behavioural aspects such as operator decision-making, dynamic task reassignment and
real-time prioritization are not explicitly modelled, potentially underestimating the adapt-
ability of human-operated systems. Third, the environmental impact assessment is limited
to operational CO, emissions and does not include a full life-cycle perspective, such as
emissions from vehicle manufacturing, battery production, or end-of-life disposal. Finally,
assumptions regarding charging infrastructure (e.g., station capacity, power output, vehi-
cle scheduling) are simplified and should be refined through collaboration with terminal
operators and technology providers.

The framework has been validated both methodologically-through alignment with
established modelling approaches and parameterization from peer-reviewed sources—and
empirically, via comparison with observed operational data from the Port of Ravenna.
While these steps support the reliability of the results under the defined assumptions, fur-
ther applications to multiple terminals and diverse operating conditions would strengthen
the external validity of the approach.

Despite these limitations, the simulation framework developed offers a flexible and
transparent tool to support scenario analysis and decision-making in Ro—Ro terminal
planning. Future research may extend this work by incorporating stochastic demand
patterns, assessing hybrid fleet configurations, or applying the model to terminals with
different spatial layouts and regulatory constraints. Additionally, the integration of life-
cycle sustainability metrics and energy grid decarbonization scenarios would enable a
more comprehensive evaluation of long-term impacts.



Future Transp. 2025, 5, 121 16 of 18

Author Contributions: Conceptualization, C.M., L.M. and E.P,; methodology, C.M., LM. and FP,;
software, C.M.; validation, C.M., L.M.; formal analysis, C.M., L.M. and EP,; investigation, L.M. and
FE.P; resources, C.M., LM. and EP; data curation, C.M. and F.P.,; writing—original draft preparation,
C.M.,, LM. and EP,; writing—review and editing, C.M. and L.M.; visualization, CM., LM. and EP,;
supervision, L.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available on request from the authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Ro-Ro  Roll-on-Roll-off

ICE Internal Combustion Engine

BET Battery Electric Tractors

e-AGT Automated Electric Guided Tractors
AGV Automated Guided Vehicle

GHG Greenhouse Gas

KPI Key Performance Indicator
EbE Element-by-Element
ITU Intermodal Transport Unit

SoC State of Charge
SUT Ship Unloading Time
SLT Ship Loading Time
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