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Abstract: This study examines the integration of the Internet of Vehicles (IoV) and
blockchain as tools to optimize traffic management in Roll-on/Roll-off (Ro-Ro) termi-
nals within the Spanish port system. Faced with increasing operational complexity, these
technologies present innovative solutions to enhance efficiency, reduce waiting times, and
ensure transparency in data management. The methodology follows five main phases:
analysis of the current scenario, establishment of a baseline, calculations to evaluate key
outcomes, analysis of blockchain implementation, and discussion of results. Key vari-
ables include waiting times, vehicular flow, CO, emissions, and operational costs, com-
paring manual and automated scenarios. The findings reveal that the combined use of
IoV and blockchain can increase vehicular flow by up to 70%, reduce waiting times by
2.56 min, and decrease CO, emissions by 57.74 kg per hour. Additionally, automation
significantly reduces operational costs, yielding average savings of over EUR 500 per hour.
This study concludes that adopting these technologies transforms port operations by foster-
ing sustainability, efficiency, and safety. However, challenges remain, including high initial
implementation costs and system interoperability issues. This work underscores the need
for strategic approaches to overcome these barriers and positions Spanish ports as potential
leaders in logistics innovation, aligning with global demands for sustainable, efficient, and
transparent port operations.

Keywords: Internet of Vehicles (IoV); blockchain; Roll-on/Roll-off (Ro-Ro) terminals; traffic
optimization; smart port operation

1. Introduction

The management of Roll-on/Roll-off (Ro-Ro) terminals is becoming increasingly
complex. To improve operational efficiency and data security, it is necessary to implement
innovative solutions. The integration of technologies such as the Internet of Vehicles (IoV)
and blockchain represents a promising approach. The IoV enables real-time communication
between vehicles and infrastructure. This optimization improves operations and reduces
waiting times. Meanwhile, the blockchain provides an immutable and decentralized
record of transactions [1], guaranteeing transparency and security in the exchange of
information [2].

The management of Roll-on/Roll-off (Ro-Ro) terminals is becoming increasingly com-
plex due to the rising volume of vehicle traffic in ports, the need for stricter environmental
regulations, and the growing demand for digitalization in port logistics [1,2]. These factors
require innovative solutions to optimize efficiency and ensure sustainable operations.

Some studies suggest that the IoV can enhance vehicle identity authentication and
data management; however, its practical implementation still faces challenges, particularly
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in integrating security and privacy solutions [3]. In addition, recent studies have explored
the optimization of the allocation of storage locations in Ro-Ro automotive terminals, evi-
dencing significant improvements in vessel loading efficiency and a reduction in reliance on
storage resources [4]. The combination of these technologies can transform port operations,
enabling more efficient and secure management of Ro-Ro terminals.

In the context of port terminals, the combined use of IoV and blockchain enables new
management models based on real-time data and smart contracts [5]. For example, smart
contracts can automate the collection of port fees based on operating time, or incentivize
emissions reductions through automated bonuses. This not only improves transparency
between stakeholders, but also reduces the need for manual intervention in administrative
processes, increasing the efficiency and reliability of operations.

The joint implementation of IoV and blockchain in this context presents chal-
lenges, such as the scalability and interoperability of systems [6]. It is critical to investi-
gate how these technologies can be effectively integrated to maximize their benefits in
Ro-Ro terminals.

The application of blockchain in the IoV has proven to be effective in international
contexts, improving vehicle identity authentication and real-time data management [7].
In Spanish Ro-Ro terminals, these technologies could automate processes such as the
collection of fees according to operating times and the dynamic management of storage
spaces, generating a competitive advantage in an increasingly digitized market [7]. In
addition, decentralizing data storage using blockchain eliminates the risks associated with
a single point of failure, increasing the resilience of the system.

The integration of IoV and blockchain can significantly improve the efficiency, trans-
parency, and security of operations in Ro-Ro terminals. These technologies enable real-time
data exchange and automated management processes, enhancing port logistics.

Despite the potential benefits, the adoption of IoV and blockchain in Spanish Ro-Ro
terminals faces barriers such as high initial implementation costs, interoperability between
systems, and the training needed to integrate these technologies [8]. However, the urgency
of maintaining competitiveness in a globalized sector makes it imperative to explore
innovative models that combine these technologies. This study proposes an integrated
IoV and blockchain model applied to Spanish Ro-Ro terminals, with the aim of optimizing
vehicle operations and evaluating their impact in terms of operational efficiency and
data security.

2. State of the Art
2.1. Current Technologies in Port Terminals

Port terminals have not been immune to the technological revolution that is presently
occurring globally, which is why ports have incorporated advanced technologies that seek
to optimize operational management and reduce loading and unloading times. Automation
using systems such as AGVs (Automated Guided Vehicles) has significantly improved
operational efficiency in Ro-Ro terminals, reducing the need for human labor [9]. In
addition, the use of algorithms in endpoint management systems allows for a more precise
allocation of resources, improving responsiveness to peak activity [10].

However, in many cases, terminals face challenges related to a lack of technological
interoperability and the need to upgrade infrastructures to support new technologies [11].

Blockchain has been successfully implemented in port logistics to improve data in-
tegrity and automate administrative processes. For example, the Port of Antwerp has
launched pilot projects that leverage blockchain for real-time cargo tracking and customs
clearance, demonstrating its potential in Ro-Ro operations. These innovations have trans-
formative implications not only for Roll-on/Roll-off (Ro-Ro) terminals but also for other
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critical areas such as containerized cargo handling, urban freight systems, and multimodal
logistics chains. The IoV facilitates seamless communication between vehicles, infras-
tructure, and port systems, optimizing traffic management and reducing inefficiencies in
port operations. Blockchain, on the other hand, enhances transparency and security in
cargo tracking, enabling real-time data sharing across stakeholders. Ref. [12] emphasizes
that ports adopting advanced digital technologies, such as loV, can significantly improve
operational performance and reduce bottlenecks caused by limited infrastructure. Globally,
leading ports such as Rotterdam and Singapore are leveraging IoV and blockchain to pio-
neer smart transportation systems that integrate maritime, road, and rail logistics, setting
benchmarks for innovation in the industry.

2.2. Use of the Internet of Vehicles (IoV) in Vehicle Logistics

The Internet of Vehicles (IoV) is an extension of the Internet of Things (IoT) that
connects vehicles, infrastructure, and devices through smart grids to facilitate real-time
communication. In the field of vehicle logistics, this technology has transformed the way
operations are managed, enabling a constant flow of data that improves the efficiency,
safety, and sustainability of transportation [13]. Its impact is particularly relevant in Ro-Ro
terminals, where dynamic vehicular traffic management is critical due to the volume and
frequency of operations.

In Ro-Ro terminals, the IoV enables intelligent vehicular traffic management, optimiz-
ing internal routes and minimizing waiting times. Through V2X (vehicle-to-everything)
technology, vehicles can communicate directly with port infrastructures (V2I) and with
other vehicles (V2V), sharing information such as estimated time of arrival, internal route
conditions, and dock assignments. This allows operations to be adjusted in real time,
improving coordination between vehicles and reducing congestion in key areas [14].

A key aspect of the IoV in this context is its ability to support advanced space and time
allocation systems. For example, the use of predictive algorithms integrated with real-time
data makes it possible to optimize the parking and loading of vehicles on ships, reducing
operational times and maximizing the use of terminal capacity [15]. These improvements
also contribute to greater operational sustainability by reducing fuel consumption and
greenhouse gas emissions associated with long wait times.

In addition, the IoV makes it easy to implement driver-assistance technologies such as
collision warning systems and adaptive cruise control. These technologies not only improve
operational safety, but also reduce the risk of damage to vehicles and port infrastructure, a
recurring problem in terminals with high traffic density [16].

Despite its benefits, the implementation of the IoV in port terminals faces significant
challenges. The lack of advanced technological infrastructure, such as 5G communication
networks, limits the ability of IoV systems to handle large volumes of data in real-time.
In addition, resistance to change in traditional operational processes and the need for
specialized training for operators and drivers also delay their adoption [17]. Interoperability
between different IoT systems and technological standardization are critical issues that
need to be addressed to ensure widespread adoption in the port sector.

Across Europe, the adoption of IoV and blockchain technologies is reshaping port
operations, with many countries investing heavily in digital transformation. Ports such
as Rotterdam in the Netherlands, Antwerp in Belgium, and Hamburg in Germany have
implemented IoV systems to enhance real-time communication between transport modes
and port infrastructure. These initiatives have enabled the efficient coordination of vehicle
flows, reduced turnaround times, and minimized environmental impacts. In addition to
IoV, blockchain is being used to secure data exchange, streamline customs procedures, and
ensure traceability of goods across the supply chain. Ref. [18] highlights that European ports,
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especially those involved in multimodal logistics, are at the forefront of adopting space-
efficient and digitally integrated solutions. For example, the Port of Antwerp’s blockchain
pilot projects have demonstrated the potential for secure, real-time cargo documentation,
which aligns with the EU’s broader goals for digitalization and sustainability. These ad-
vancements place European ports in a leadership position, demonstrating how technology
can address challenges such as congestion, inefficiency, and environmental impact.

In the case of Spain, the implementation of IoV in port terminals could position these ports
as leaders in logistics innovation in Europa. This would not only improve the competitiveness
of Spanish ports, but also reduce operating costs and improve the customer experience by
ensuring shorter waiting times and safer and more transparent operations.

2.3. Benefits of Blockchain for Data Management in IoV

Blockchain complements the IoV by offering a decentralized and secure system for
real-time operational data management. In port terminals, blockchain can ensure the
transparency and integrity of data related to loading times, economic transactions, and
vehicular routes [8].

Smart contracts, based on blockchain, make it possible to automate administrative
processes such as the collection of fees and the allocation of storage spaces, reducing
costs and operational errors [17]. However, the scalability of blockchain solutions and
the initial cost of implementation remain significant challenges to their adoption in port
environments [19].

The integration of IoV and blockchain into Ro-Ro terminals offers a promising solution
to address today’s operational challenges. While IoV provides real-time communication
and dynamic vehicular traffic management, blockchain ensures that the data generated
is immutable and auditable [13]. This synergy allows for greater transparency and trust
between the actors involved, improving coordination and optimizing operation times [20].
However, joint implementation requires overcoming technical and economic barriers to
ensure its viability in complex environments such as ports.

The introduction of IoV and blockchain in Ro-Ro terminals will not only impact internal
port operations but also have significant implications for the broader supply chain. For these
technologies to be effective, logistics providers, shipping companies, and customs authorities
must integrate them into their workflows. Without such coordination, the full benefits of
automation and real-time data exchange may not be realized, limiting efficiency gains.

2.4. Operations in Ro-Ro Terminals

Roll-on/Roll-off (Ro-Ro) operations, while efficient for transporting vehicles and
heavy machinery, face numerous challenges due to logistical complexity and limitations in
port infrastructure. These issues not only affect the efficiency of operations but also have
broader economic and environmental implications. Below is a detailed analysis of the key
operational challenges faced by Ro-Ro terminals.

One of the most pressing issues in Ro-Ro terminals is vehicular congestion, which
creates bottlenecks during loading and unloading operations. This congestion often arises
from poor traffic management planning within the terminal and insufficient coordination
among ships, transporters, and port personnel. The resulting delays significantly increase
waiting times and operational costs, as noted by studies on port traffic management [21].

A lack of synchronization between ship schedules and vehicle movements frequently
disrupts operations. The limited use of advanced technologies for real-time tracking
and management exacerbates this issue. Moreover, poor communication between key
stakeholders, including port operators, shipping lines, and transporters, leads to logistical
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delays and reduced efficiency [22]. This inefficiency undermines the competitive edge of
Ro-Ro terminals in global logistics networks.

The high density of vehicles and machinery in Ro-Ro terminals increases the likelihood
of accidents, posing risks to personnel and equipment. Contributing factors include
insufficient real-time monitoring systems, inadequate staff training, and a lack of clear
signage or guidance systems. Studies have shown that improving safety protocols and
integrating automation can significantly mitigate these risks [23].

Vehicles often experience prolonged waiting periods for embarkation or disembarka-
tion. This issue is largely attributed to slow, manual processes for inventory and document
management, as well as limited terminal capacity. Extended waiting times not only increase
costs for transporters and operators but also lead to customer dissatisfaction, as highlighted
in recent analyses of Ro-Ro operations [24].

Many Ro-Ro terminals struggle with space limitations for storing and organizing vehi-
cles. The lack of optimized strategies for vehicle placement and infrastructure constraints
reduces the operational capacity of the port. Effective use of space has been identified as a
critical factor in enhancing the efficiency of Ro-Ro terminals [25].

Inefficient operations lead to increased costs associated with fuel consumption, labor,
and maintenance. The continued reliance on manual processes and the limited adop-
tion of automation or IoT technologies are major contributing factors. Addressing these
inefficiencies is essential for improving the financial viability of Ro-Ro terminals [26].

Ro-Ro operations are significant contributors to CO, emissions due to prolonged
waiting times with idling engines and the extensive use of machinery. The absence of
sustainable strategies for managing operations further exacerbates this issue. Implementing
eco-friendly practices and reducing idle times have been identified as key solutions for
minimizing the environmental footprint of Ro-Ro terminals [27].

Despite the potential benefits, many Ro-Ro terminals have not yet implemented ad-
vanced technologies such as IoT or IoV. High initial investments and a lack of technical
expertise often deter adoption. This technological gap places Ro-Ro terminals at a competi-
tive disadvantage compared to more advanced ports [6].

Fluctuations in the volume of vehicles to be transported present significant planning
challenges for Ro-Ro terminals. These fluctuations are driven by seasonal factors and
changes in customer demand or trade routes. Addressing this variability requires flexible
operational strategies and predictive planning models [6,28].

Operational practices in Ro-Ro terminals vary significantly across countries and re-
gions, complicating efforts to standardize processes. The absence of uniform standards
limits interoperability and creates inefficiencies in global logistics chains. Addressing this
issue would require coordinated international efforts to establish and enforce common
standards [29].

2.5. Research Gap and Furure Work

Despite advances in IoV and blockchain implementation, there is a significant gap in re-
search applied specifically to Ro-Ro terminals. Some studies have explored the optimization
of storage allocation in Ro-Ro automotive terminals, demonstrating significant improve-
ments in vessel loading efficiency and reduced reliance on storage resources [20,30,31].

While some studies have explored the impact of these technologies on general logistics,
few have focused on optimizing operations at Spanish Ro-Ro terminals [32]. This gap limits
the adoption of advanced technologies in a sector that faces increasing pressure to improve
operational efficiency and sustainability.

Despite the advances in the implementation of the Internet of Vehicles (IoV) and
blockchain in vehicle logistics, significant gaps persist in research, both internationally and
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in the Spanish context. While these technologies have proven effective in general appli-
cations, their specific implementation in port terminals, particularly in Ro-Ro terminals,
remains limited.

In the international arena, much of the research focuses on the development of IoV
and blockchain technologies for vehicle fleets and urban transport networks, leaving aside
complex port environments [13]. The available studies usually address land logistics, such
as route optimization in intelligent transport systems (ITS), or the use of blockchain for
the traceability of goods, but they do not explore in depth how these technologies can be
integrated into specific loading and unloading operations at Ro-Ro terminals [33]. Another
major gap is the lack of empirical data to support the viability of these technologies in real
port environments. Although there are theoretical models and simulations that highlight
the potential benefits of IoV and blockchain, few studies have evaluated their impact
in terms of operational efficiency, costs, and sustainability in maritime terminals [8]. In
addition, interoperability between different IoV and blockchain systems remains a critical
challenge, as there are no universal standards that ensure the seamless integration of these
technologies into global logistics chains.

In the Spanish context, port terminals represent a strategic pillar for the national
economy, with ports such as Valencia, Barcelona, Vigo and Santander leading Ro-Ro traffic
in EUR. However, the adoption of advanced technologies such as IoV and blockchain in
these ports is still nascent. Most Spanish terminals still rely on partially digitized systems
and manual processes for vehicular traffic management, leading to operational inefficiencies
and higher costs [32].

In addition, how these technologies can be integrated into the specific operations of
Spanish Ro-Ro terminals has not been adequately explored. Although there are projects
related to port digitalization and automation, such as the National Ports Plan 4.0, aca-
demic research on the application of IoV and blockchain in specific terminals is still scarce.
This limits the ability of Spanish ports to take full advantage of the advantages of these
technologies in terms of efficiency, sustainability, and global competitiveness [34].

Both internationally and in Spain, one of the biggest challenges is the high initial cost
of implementing these technologies, which includes the modernization of port infrastruc-
tures, the development of IoT networks, and the integration of blockchain systems. In
addition, the lack of collaboration between key players, such as port authorities, technology
companies, and logistics operators, makes it difficult to implement integrated solutions [1].

Future research can explore the extended application of blockchain in port logistics,
particularly in the automation of administrative processes through smart contracts. Ad-
ditionally, the integration of IoT and IoV with emerging technologies such as 5G and Al
could further optimize real-time communication and decision-making in Ro-Ro terminals.
A key challenge for future studies is the interoperability of these systems, which requires
the development of standardized protocols for seamless integration across logistics net-
works. Beyond the port sector, similar technologies could be adapted to improve efficiency
in container management, multimodal transport, and urban mobility solutions. Recent
studies, such as those by [35,36], have highlighted innovative approaches that could be
leveraged for these advancements.

3. Methodology

The methodology developed is structured in the following five main phases (Figure 1):
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[ Methodology ]
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Definition of Variables
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® 05
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Implementation Costs

Figure 1. Methodological scheme. Source: own elaboration.

The methodology follows five main phases: analysis of the current scenario, estab-
lishment of the baseline, calculations to evaluate key outcomes, analysis of blockchain
implementation, and discussion of results. Each phase is structured to systematically assess
the impact of IoV and blockchain on Ro-Ro terminals.

Phase 1: Work Scenario

In this initial stage, the current situation of the Ro-Ro terminals is analyzed, identifying
the fundamental variables for the study. Dependent variables include wait time, vehicular
flow, CO, emissions, and operating costs per hour. These variables directly reflect the results
of technological impact, such as the use of the Internet of Vehicles (IoV) and automation. On
the other hand, independent variables, such as average time per vehicle, number of AGVs
or drivers, energy consumption, and traffic volume, represent controllable factors that affect
performance. This comprehensive approach makes it possible to evaluate how technological
solutions can optimize the efficiency, sustainability, and profitability of terminals.

Phase 2: Establishing the Baseline

Initial values are assigned to key variables in manual and automated scenarios. This
includes calculations of average time per operation, vehicular flow, CO, emissions, costs per
hour, and maximum operating capacity. These values will serve as a point of comparison
to measure the benefits of the proposed technologies.

Phase 3: Implementation of Calculations

The necessary calculations are made to evaluate the key results: reduction of waiting
times, increase in vehicular flow, decrease in CO, emissions, and economic savings, both
total and per vehicle. In addition, the mean and standard deviation of the variables are
analyzed to evaluate the consistency of the results.

Phase 4: Blockchain Implementation Analysis

At this stage, a focus group evaluates critical aspects for blockchain implementation,
such as software development, infrastructure, integration with existing systems, training,
and ongoing operational costs.

Phase 5: Results and Discussion
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The results obtained are consolidated, discussing the impacts and benefits of the use of
advanced technologies in Ro-Ro terminals. This comprehensive analysis provides a strate-
gic vision for the improvement of port operations, focusing on productivity, sustainability,
and profitability.

4. Results and Discussion

Phase 1: Analysis of the current situation

A Ro-Ro terminal is designed to manage vehicles and Ro-Ro units that are loaded
and disembarked using their own wheels, thus optimizing cargo handling and reducing
operating times compared to other loading systems. The main activities and processes that
characterize the operation of these terminals are described below, structured in stages.

The operation of a Ro-Ro (Roll-on/Roll-off) terminal follows a structured flow that
allows the efficient loading and unloading of vehicles. This process is made up of three
main stages:

1. Arrival and parking in waiting areas: vehicles enter the terminal and are directed to
designated areas where they await their turn for loading or unloading. At this stage,
documentation is checked and traffic is organized.

2. Loading/unloading: vehicles are guided to or from the ship, using their own wheels.
This occurs through specially designed ramps that connect the dock to the vessel.

3. Storage or departure: after disembarking, vehicles are directed to temporary storage
areas or directly outside the terminal, depending on their final destination.

The use of technologies such as the Internet of Vehicles (IoV) and automation improves
coordination, reduces waiting times, and optimizes vehicular flow at each stage (Figure 2).

[Vehicles arrive at terminal]

Check-in process

[Park in waiting area]

Organized by destination

[Drive onto ship via ramps]

Vehicles loaded/unloaded

[Exit or move to storage]

Figure 2. Flow of operation of a Ro-Ro terminal (Roll-on/Roll-off). Source: own elaboration.

From these data and with the equations, the baseline has been established. The current
values for waiting times, vehicular flow, and costs without IoV were defined based on
survey responses from Ro-Ro terminals. These data were analyzed to estimate the impact
of IoV using real operational insights from the surveyed terminals.
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The data used in this study were obtained through direct communication with Ro-Ro
terminals, complemented by reliable secondary sources. To ensure the robustness of our
analysis, we gathered key operational metrics, including traffic volume, average loading
and unloading times, waiting times, and internal traffic flow management. These data
were collected via surveys and direct exchanges with terminal operators. However, in cases
where complete datasets were not available, we used established reference values from
authoritative sources such as the International Maritime Organization (IMO), the European
Sea Ports Organization (ESPO), and previous studies on transport logistics.

To further strengthen the validity of our findings, we compared the collected data with
industry standards and benchmarks from leading European ports. This methodological
approach ensures that our results are both realistic and applicable to real-world terminal
operations (Table 1). The calculated savings and efficiency improvements were derived
from a comparative assessment of manual versus automated systems, using a combination
of empirical data and validated reference figures.

Definition of Variables:

Table 1. Defining variables.

Variable Type Name Definition Units Impact
Average time a vehicle Measures t he impact of
- . . IoV on efficiency.
Tespera takes to wait before Minutes (min) o
) Reduction in times reflects
being processed. . .
operational improvement.
Key productivity indicator.
Flow Number of vehicles Vehicles per hour (veh/h) It Iieﬂects the efficient use
processed per hour. of infrastructure and
Dependent Variables automation.
Associated with
Carbon dioxide emissions operational sustainability
CO, generated during the Kilograms (kg) and compliance with
waiting time. environmental
regulations.
Expense associated with [t reflects economic
Cost per hour pens Euros per hour (EUR/h) efficiency, including labor,
operations for one hour. .
fuel, and maintenance.
Average time it takes for a . . M(')n'ltors process
. . . Minutes per vehicle efficiency and compare
Average Time Per Vehicle  vehicle to be processed .
- (min/veh) manual and automated
manually or automatically.
systems.
Allows assessment of the
Independent Variables Expense associated with Euros per vehicle financial impact of

Cost per vehicle

processing a vehicle.

(EUR/vehicle)

automation compared to
manual processing.

Energy and labor costs

Expenses related to energy
consumption and wages
per vehicle processed.

Euros (EUR)

Analyzes the cost of
human and energy
resources in different
technological scenarios.

The Spanish port system is characterized by a high degree of heterogeneity, partic-
ularly in Roll-on/Roll-off (Ro-Ro) terminals. These differences stem from variations in
operational models, technological adoption, and infrastructural configurations, making a
direct comparison of all terminals impractical. To ensure the validity and relevance of this
study, a selection of relatively homogeneous terminals has been analyzed. These terminals
share similar operational frameworks and automation levels, providing a meaningful basis
for performance assessment (Figure 3).
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Performance Comparison of Terminals

Vehicles Processed Manually per Hour Vehicles Processed Automatically per Hour
erminal 2 erminal 2

erminal 5 erminal 5

Average Manual Processing Time (min/vehicle) Average Automated Processing Time (min/vehicle)
lerminal 2 erminal 2

erminal 5 erminal 5

Figure 3. Comparison between terminals. Source: own elaboration.

To ensure the robustness of the results obtained, the data used in this study come from
various sources, including information provided directly by the analyzed terminals, reports
from international organizations, and open databases specialized in transport and port
logistics. In cases where specific values were not available for all terminals, estimates were
made based on verified references, including previous studies on comparable terminals and
values established by organizations such as the International Maritime Organization (IMO)
and the European Sea Ports Organization (ESPO). This methodological approach allows for
a reliable representation of Ro-Ro terminal operations, ensuring that comparisons between
manual and automated scenarios are realistic and grounded in validated references and
industry standards.

The performance metrics of the selected terminals were visualized through radar
charts, which allow for an intuitive comparison of key parameters across terminals. Each
chart represents a specific metric:

1. Vehicles Processed Manually per Hour: This chart highlights the efficiency of manual
operations in terms of vehicle throughput.

2. Vehicles Processed Automatically per Hour: This chart focuses on the performance of auto-
mated systems, illustrating their capacity for higher throughput under similar conditions.

3. Average Manual Processing Time (min/vehicle): This metric reflects the time required
to manually process a vehicle, providing insights into the relative speed and efficiency
of human-driven operations.

4. Average Automated Processing Time (min/vehicle): This chart demonstrates the time
efficiency of automated processing, which is critical in optimizing terminal operations.

The radar charts illustrate the relative performance of each terminal for the selected
metrics. Terminals that show higher throughput or lower processing times indicate better
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operational efficiency. By analyzing these metrics, we aim to identify patterns, bottlenecks,
and areas for improvement in Ro-Ro terminal operations.

This approach underscores the importance of selecting homogeneous terminals for
comparative studies, as operational diversity within the Spanish port system can obscure
meaningful insights. By focusing on a subset of terminals with comparable characteristics,
this research ensures that the analysis is both robust and actionable, paving the way for
targeted recommendations to enhance terminal performance.

Phase 2: Establishing the Baseline
e Calculation of the average time per operation, vehicular flow, and costs for both

systems (manual and automated). Units: Minutes per vehicle (min/veh).

Trotal
Topemtzon - Nvehicles

Calculation of the reduction in waiting times. This equation measures the reduction in
waiting times achieved by implementing IoV and automation. Unit: Minutes (min).

ATwaiting = Tianual — Tautomated

e  Calculation of Vehicle Flow:

O Calculates the number of vehicles processed per hour.
@) Units: Vehicles per hour (veh/h).

O Ctuel: Fuel consumption per vehicle (litres/vehicle).
@) Eco,: CO; emissions per litre of fuel (kg/L).

O Units: Kilograms (kg).

CO2 = Nyenicles X (Cfuel X Ecoz>
e  CO; Emissions Calculation. Units: Kilograms (kg).
CO, = Consumo Promedio (litros/min) X ATespera X Emisiones por litro (kg CO,/litro)
e  Hourly Cost Calculation:
Chourty = (Clabor + Cenergy) X Toperation

O Clabor: Labor cost per vehicle (EUR).
O Cenergy: Energy cost per vehicle (EUR).
O Units: Euros per hour (EUR/h).

e Maximum terminal capacity:

C o N vehicles
max — Ti
operation
@) Description: Defines the maximum number of vehicles that can be processed

under ideal conditions.
O Units: Vehicles per hour (veh/h).

e  Reduction in CO; emissions: Based on reduced waiting times and fuel consumption
per vehicle.

O CO2 manual: €O, emissions in manual operations.
@) CO2 automated: CO, emissions in automated operations.
O Units: Kilograms (kg).

ACOZ = COZ,manual - COZ,autamuted
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e  Economic savings calculation:
Savings = Costyaiting X ATwaiting ¥ Vehicles

Next, a typical scenario is developed to provide a clear picture of how the study
develops.

Scenario A: Optimization of vehicular traffic in waiting areas.

Initial data:

Tactual: 20 min

Tcon IoV: 15 min

Average consumption: 4 L/h

Emissions per litre: 2.64 kg/L

Vehicles processed: 300 vehicles/day

Vehicles processed: 350 vehicles/day

Reduction in waiting times: ATwait = 20—15 = 5 min
Reduction in emissions: CO, reduced =4 x 560 x 2.64 = 0.88 kg CO,
Economic savings: Savings = 3 x 5 x 300 = EUR 4500/ day
Increase in flow: 16.7%

Reduced emissions: 0.88 kg CO, /vehicle

Phase 3: Implementing the calculations

Once the work scenario has been determined and the values have been assigned to
the variables, the calculations of the formulas are carried out and the following values are
obtained (Table 2):

Table 2. Results of implementing calculation at terminals.

Terminal Reduction of Waiting Increase in Traffic Reduced CO, Total Economic
Times (min) Flow (%) Emissions (kg) Savings (EUR)
Terminal 1 2.84 71.88 67.17 167.21
Terminal 2 1.96 85.47 4247 105.71
Terminal 3 2.49 59.52 57.97 144.30
Terminal 4 2.43 53.68 60.99 151.81
Terminal 5 3.10 78.10 60.08 149.55

An example of how the calculations of the total economic savings have been made,
which correspond to the savings generated by the reduction of waiting times and operating
costs, per hour of operation, considering the number of vehicles processed in an hour, is
shown below.

Assumptions:

Terminal operates 16 h per day.

It operates 250 days a year.

Average hourly savings: EUR 150 per hour.
Daily Calculation: EUR 2400 savings per day
Annual Calculation: EUR 600,000

While some estimations were made in this study, they were neither arbitrary nor
generalized. In most cases, the values used to assess waiting time reduction, vehicle flow
increase, CO, emissions reduction, and economic savings were directly obtained from the
analyzed terminals. However, in certain instances where specific data were unavailable,
estimations were made based on comparisons with similar terminals and established
operational standards. The adopted methodology provides a coherent reference framework
to evaluate the impact of automation and the Internet of Vehicles (IoV) in Ro-Ro terminals,
considering both current scenarios and technology-optimized conditions. The reliability
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of the values used has been verified by cross-referencing results with expected industry
benchmarks, ensuring that the estimates are representative of actual operational conditions.

The below Table 3 shows the calculated mean and standard deviation of the key
variables for the five terminals.

Table 3. Mean and standard deviation.

Metric Stocking Standard Deviation
Time Reduction (min) 2.56 043
Flow Increase (%) 69.73 13.08
CO, reduction (kg) 57.74 9.20
Economic Savings (EUR) 143.72 22.89

Regarding the variability analysis, we can say that the results obtained show that
the variations in waiting times, vehicular flow, the reduction of CO, emissions, and the
economic savings between terminals are reasonable and reflect the inherent differences in
infrastructure and operational capacity. Averages and deviations can influence managers’
decisions in the following manners:

e  Reduction in times (min): the variability is low, indicating that the terminals have
fairly similar reduction times. This is reasonable, given that waiting times depend
on the optimization of vehicular flow, which is uniform in all simulated terminals.
Thus, strategically speaking, a low deviation indicates consistency in reduction times.
Managers could prioritize the implementation of IoV and scheduling algorithms to
maximize this efficiency uniformly, with the impact of decreasing congestion at peak
times, especially at terminals with higher traffic volumes.

e Flow increase (%): although the variability for this metric is a little greater, it is still
reasonable. This reflects differences in initial (manual) processing capacity and the
improvements that automation can provide, which both depend on the infrastructure
of each terminal. Strategically, the greater variability in this metric highlights how
factors such as initial infrastructure affect flow. Managers should evaluate specific
improvements at terminals with a lower increase. The impact would be an increase in
capacity without the need for physical expansion.

e CO; (kg) reduction: dispersion for this metric is moderate, suggesting that emissions vary
depending on the volume of manually processed traffic and the initial wait times of each
terminal. This is consistent with the variation in vehicular flow. Strategically speaking, the
moderate deviation suggests differences in volumes of traffic processed. Implementing
IoV at terminals with lower turndown would help achieve consistent environmental
targets, resulting in a reduction in the overall carbon footprint of operations.

e  Economic savings (EUR): the dispersion in savings is moderate. This reflects reasonable
differences in operating costs and in the number of manually processed vehicles at each
terminal. It would be strategic for managers to identify terminals with lower savings and
evaluate specific causes, such as higher energy costs or lower initial efficiency. In turn,
this could justify investments in technology through a measurable return.

Standard deviations do not indicate extreme disparities between terminals. Variances
are reasonable and expected due to differences in initial capacity, traffic volume, and
efficiency of manual operations. The results are consistent and reflect a balanced analysis
based on data collected from Ro-Ro terminals.

An average increase in vehicular flow of close to 70% may seem high, but it depends
on several factors specific to the terminals and the initial conditions. The below analysis
assesses whether this is reasonable:

Key factors affecting increased flow
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Low initial capacity: If manual operations are inefficient, with high times per vehicle,
any significant improvement through automation can generate significant increases in
vehicle flow.

Capacity of automated systems: AGVs (Automated Guided Vehicles) and other au-
tomated systems have much higher processing rates compared to manual processes.
This can justify high increases if the infrastructure allows operation of these automated
systems at their maximum.

Optimization of internal traffic: The implementation of IoV and scheduling algorithms
can reduce bottlenecks and improve the utilization of terminal capacity, which also
contributes to the increase in flow.

This result reflects a significant increase due to the improvement in vehicle processing

times, which go from 5.91 min to 3.07 min on average. If the initial rates of manual systems

are low, this increase is consistent.

The following metrics have also been calculated, the values of which are shown in the

following figures:

Total Cost Per Hour: Manual and automated, adding labor and energy costs.

Hourly Operating Cost Savings: Difference between the total manual and automated cost.
Total Cost Per Vehicle: Calculated by dividing the total cost per hour by the number of
vehicles processed in each system.

Percentage Reduction in Operating Costs: Percentage of savings when moving from
manual to automated systems.

Cost Per Vehicle Increased (%): Changes in the average cost per vehicle processed
between both systems.

Automation also allows for a more efficient redistribution of human resources. The

system requires fewer direct operational staff and prioritizes supervisory roles, which

implies a transformation of the profile of required skills. Managers should consider training

and capacity-building programs to facilitate this transition (Figures 4 and 5).

800

700

600

Total Cost per Hour (€)

200

100

500

400

Comparison of Operational Costs per Hour

Manual
Automated

Terminal 1 Terminal 2 Terminal 3 Terminal 4 Terminal 5
Terminal

Figure 4. Comparison of operational costs per hour. Source: own elaboration.

Automation has been shown to result in a substantial reduction in vehicle waiting

times. This implies an improvement in operational efficiency, reducing congestion in

waiting areas and allowing a more continuous flow. For managers, this result highlights the

importance of investing in automated systems to improve the user experience and reduce

bottlenecks at peak times (Figure 6).
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Figure 6. Reduction in waiting times. Source: own elaboration.

Automated terminals show up to an 80% increase in vehicle processing capacity per
hour compared to manual operations. This not only improves the operational capacity of
the terminals, but also reduces the costs associated with the need to physically expand the
facility. Managers can use this information to plan endpoint growth without compromising
service quality (Figures 7 and 8).
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Figure 7. Comparison of vehicle flow. Source: own elaboration.
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Figure 8. Increase in vehicle flow. Source: own elaboration.

Data show that automation contributes to a significant decrease in CO, emissions,
up to 25 kg less per hour per terminal. This finding is critical in a global context that
demands more sustainable operations. Managers can prioritize automation as a strategy to
meet sustainability goals and improve public perception of terminals as environmentally
responsible infrastructure (Figures 9 and 10).

Reduction in CO2 Emissions

CO2 Reduction (kg)
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Figure 9. Reduction in CO, emissions. Source: own elaboration.
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Figure 10. CO; reduction emissions: manual vs. automated. Source: own elaboration.
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The application of IoV and blockchain directly contributes to sustainability goals at
Ro-Ro terminals. By reducing waiting times and optimizing internal routes, emissions
associated with fuel consumption are reduced. In addition, electric AGVs offer a cleaner
alternative to traditional vehicles, considerably reducing CO, emissions per operation.

The findings indicate that the implementation of IoV and blockchain in Ro-Ro termi-
nals has led to measurable improvements in operational efficiency. Compared to manual
systems, automated processes using these technologies resulted in reduced waiting times,
increased vehicle flow, and lower operational costs.

In terms of regulatory compliance, the IoV facilitates the automatic monitoring and
recording of emissions, allowing terminals to more easily adhere to international regulations
such as those established by the IMO (International Maritime Organization) and the European
Union. This level of automation also ensures transparency in the information reported.

From an operational perspective, blockchain-based smart contracts incentivize best
practices, such as reducing emissions through automatic bonuses for operators who comply
with emission limits. This fosters a culture of sustainability among stakeholders.

Public perception also benefits. Terminals that lead in sustainability enhance their
competitiveness and attractiveness as strategic partners in global trade, contributing not only
to operational efficiency, but also to more resilient and environmentally friendly transport.

The implementation of automated systems generates significant economic savings, ex-
ceeding EUR 500 per hour in many terminals. This includes reducing energy and labor costs.
For managers, these savings represent a strong case for return on investment in automated
technologies, particularly in contexts of high operational demand (Figures 11-13).
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Figure 11. Total economic savings. Source: own elaboration.
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Figure 12. Comparison of economic costs per hour. Source: own elaboration.
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Cost Comparison: Manual vs Automated Operations
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Figure 13. Cost comparison of economic costs per hour. Source: own elaboration.

These findings highlight the financial and operational benefits of automation in Ro-Ro
terminals. Reduced waiting times directly contribute to improved vehicle throughput and
lower operational costs, reinforcing the importance of digital transformation in port logistic

Phase 4. Conducting focus groups for blockchain implementation

The implementation of blockchain technology in Roll-on/Roll-off (Ro-Ro) terminals
presents unique challenges due to the limited prior experience of personnel and the lack
of established cost benchmarks in this specific operational context. To address these
gaps, a focus group methodology was employed to gather insights from industry experts,
including port operators, technology providers, and logistics professionals. This approach
was chosen as it facilitates in-depth discussions and the exchange of knowledge among
stakeholders, allowing for the identification of key cost drivers, potential barriers, and
implementation strategies specific to Ro-Ro terminals. As highlighted by Merk and Dang,
et al. (2018), stakeholder collaboration is critical for understanding the practical and
financial implications of adopting advanced technologies in ports. By leveraging the
expertise of diverse participants, the focus group provided a comprehensive and context-
specific analysis, forming a solid foundation for estimating blockchain implementation
costs in this unique operational setting.

The cost of implementing blockchain technology varies significantly depending on
the scope of the project, the existing infrastructure, and the specific needs of the Ro-Ro
terminals (Figure 14).

According to the focus group’s determinations, the following values could be expected
for a medium-sized terminal:

Integration with IoV and IoT: EUR 50,000
Staff training: EUR 15,000

Infrastructure upgrade: EUR 30,000
Approximate total cost: EUR 195,000

Compared to these costs, the benefits obtained will mainly represent a reduction in
fraud and losses by improving the traceability of vehicles and data, reducing operational
risks, as well as operational optimization, since blockchain combined with IoV and IoT can
generate significant operational savings, compensating for the initial investment.



Future Internet 2025, 17, 99

19 of 23

BLOCKCHAIN
IMPLEMENTATION

Software

Software and platform Development:
® Creating a customized blockchain solution can cost between
€50,000 and €300,000, depending on complexity:
® Consortium blockchain (permissioned): More expensive, but
efficient for a private environment such as a port terminal.
® public: Cheaper, but less suitable for terminals due to high
transaction fees and lower privacy.

Integration

Integration with Existing Systems:
® Adapt blockchain to port management systems
(T0S), IoT and IoV.

* Estimate: Between €30,000 and €100,000,
depending on compatibility.

Operational Costs

Ongoing Operational Costs:

® Transaction fees (public blockchain): Depending on

usage, can range from a few cents to several € per

transaction.
® Maintenance (permissioned blockchain): Between
€5000 and €15,000 per year.

Infrastructure and Hardware

Infrastructure and Hardware:
® Costs to upgrade existing infrastructure such as
servers and networks to support blockchain.
® Estimate: Between €20,000 and €50,000 for
medium-sized terminals.

Training and Consulting:

Training and Consulting:

® Train personnel to manage and interact with
blockchain technology.

* Estimate: Between €10,000 and €20,000,
depending on the size of the team.

The estimated range of initial costs is summarized as follows:

small solutions: 50,000 - 100,000 €.
suitable for small terminals or pilot projects.
Medium solutions: 100,000 - 300,000 €.

Includes integration with IoT systems and multi-user
capability.

Large solutions: 300,000 - 500,000 €.

Includes high scalability, full customization and distributed

systems.

Figure 14. Focus group: blockchain implementation. Source: own elaboration.
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The estimated economic savings at the terminals studied, which exceed EUR 500
per hour on average, reflect the financial viability of adopting technologies such as IoV
and blockchain. Automation not only allows for a reduction in operating costs, but also
increases processing capacity without the need to physically expand the facility. This is
particularly relevant in a competitive environment where efficiency and sustainability are
key factors in attracting logistics operators and increasing the competitiveness of Spanish
ports in the global market.

The results of this study demonstrate that the implementation of IoV and blockchain
in Spanish Ro-Ro terminals can generate significant improvements in operational efficiency,
sustainability, and cost reduction. When comparing these findings with container terminals
in advanced European ports, such as Rotterdam or Hamburg, it is observed that automated
systems and dynamic vehicular traffic management have a similar impact on reducing
waiting times and optimizing vehicular flow. However, Ro-Ro terminals face specific
challenges due to the heterogeneous nature of Ro-Ro cargo, requiring customized solutions
that are not always necessary in container terminals. This reinforces the need for additional
studies that address the contextual differences and barriers specific to Ro-Ro terminals.

The methodology applied in this study is designed to be replicable for future research
in Ro-Ro terminals and similar port environments. By detailing the sources of our data
and the validation process used, we provide a transparent framework that can guide other
researchers interested in automation and digitalization in port operations.

The inclusion of direct terminal data, combined with secondary sources and industry
benchmarks, ensures that the findings presented in this study are grounded in real operational
conditions. Future research could expand upon this by conducting longitudinal studies with
real-time data from IoV and blockchain-enabled terminals. This would allow for more precise
validation of the efficiency gains and economic benefits predicted in this research.

5. Conclusions

The findings of this study highlight the positive impact of automation and the integra-
tion of the Internet of Vehicles (IoV) in Ro-Ro terminals, providing significant benefits in
operational efficiency, sustainability, and safety. When comparing manual and automated
systems, there is a notable improvement in vehicle processing capacity and in the opti-
mization of waiting times, which translates into a more dynamic allocation of resources
and greater user satisfaction. In addition, the reduction in operating costs and CO; emis-
sions reinforces the potential of these technologies to meet environmental regulations and
sustainability goals.

On the other hand, the implementation of advanced tools such as IoV-based security
monitoring, with connected sensors and cameras, allows real-time tracking of vehicle
movement, automatic alerts on possible collisions, and remotely supervision of critical
areas of the port. This contributes to a significant reduction in accidents, property damage,
and associated costs, increasing operational safety at the terminals. Likewise, the use
of predictive technology based on IoV offers the possibility of anticipating problems by
analyzing historical and current data, facilitating the prediction of peak hours and the
accurate estimation of loading times, thus optimizing the allocation of port resources and
avoiding congestion before they occur.

The results of this work support the need to prioritize automation in critical areas
to maximize the impact on waiting times and emissions, establish quantified metrics to
measure progress in sustainability, and justify investments to stakeholders through clear
economic returns. This framework of action not only responds to the current demands of
the logistics sector, but also positions Ro-Ro terminals as leaders in innovation, efficiency,
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and sustainability, ready to face the challenges of an increasingly interconnected and
competitive global environment.

This study demonstrates that the implementation of IoV and blockchain in Ro-Ro
terminals not only significantly improves operational efficiency, but also contributes to
environmental sustainability and cost reduction. Terminals that adopt these technologies
can experience increases in vehicular flow of up to 70%, reductions in average waiting times
of 2.56 min, and decreases in CO, emissions of 57.74 kg per hour, results that highlight
their transformative potential.

In addition, automation makes it possible to optimize the allocation of human re-
sources, reducing dependence on direct labor and encouraging the transition to supervisory
and technology management roles. These changes not only improve efficiency, but also
prepare terminals for the future challenges of a more digitalized logistics environment.

However, the joint implementation of IoV and blockchain faces significant barriers,
such as high upfront costs and lack of interoperability. This work highlights the need for
a strategic approach that combines investments in infrastructure, training, and common
standards to ensure the success of these technologies in Ro-Ro terminals.

Finally, this study not only provides a quantitative framework to assess the impact of
IoV and blockchain, but also underscores the importance of continuing to investigate their
integration in specific operational contexts. The adoption of these technologies is not only
a competitive advantage, but a necessary step to respond to the demands for sustainability,
efficiency, and transparency in global port logistics.

For port managers, the results of this study offer a practical framework for prioritizing
investments in advanced technologies. The focus on critical areas such as reducing waiting
times and improving operational safety and sustainability makes it possible to economically
justify these initiatives to stakeholders. In addition, the analysis of variability between
terminals suggests that improvements should be tailored to the specific needs of each
infrastructure, reinforcing the importance of customized strategies.

Beyond the findings presented, this research provides a structured approach for
assessing digitalization impacts in port logistics. The methods used for data collection
and validation can be applied to similar studies, ensuring comparability across different
terminal environments. By explicitly detailing the sources and methodologies used, we
aim to contribute not only to academic discourse but also to practical implementations in
the maritime sector.

Although the results obtained in this study indicate a positive impact of IoV and
automation in Ro-Ro terminals, it is important to acknowledge certain limitations related
to data availability and the diversity of operational scenarios across different ports. The
application of these models in real environments may be influenced by factors such as
the structural particularities of each terminal, traffic conditions, and country-specific reg-
ulations. Therefore, future studies could focus on obtaining real-time operational data
and validating the proposed models through pilot tests in specific terminals. Additionally,
the interoperability of these technologies with existing port management systems and
the long-term assessment of economic and environmental benefits represent key areas for
further research in this field.
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