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Abstract— This work presents a digital twin for a container-
oriented logistics terminal, enabling real-time integration and
visualization of operational, environmental, and energy data for
equipment such as reach stackers and refrigerated containers. The
system provides a holistic view of terminal activities and supports
CO: emissions monitoring and forecasting, addressing growing
sustainability concerns in port operations. Developed within the
NEXUS agenda, this work follows a design science research
methodology and is structured in two data flows: one capturing
equipment states and positions, and another estimating
environmental indicators from real data. These flows are
integrated into a unified platform using open-source technologies,
including Eclipse Ditto, InfluxDB, and Grafana. Results are
validated against real and literature data, focusing on CO:
emissions and fuel consumption. The proposed approach supports
near real-time monitoring and improved sustainability in smart
terminal operations.
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I. INTRODUCTION

Logistics terminals are determinant in the transport and
distribution chains, as they are responsible for the movement,
storage, and routing of goods across different modes of transport
[1]. These critical infrastructures integrate multiple processes,
equipment, and actors, which results in high operational
complexity [2]. Due to their reliance on intensive physical
operations, terminal activities generate carbon dioxide (CO-)
emissions, mainly from the use of container-handling
equipment, such as reach stackers, and from land-based
transport. This equipment plays a central role in terminal
operations and contributes significantly to fuel consumption and
associated environmental impacts [4].

Growing concerns about environmental sustainability in the
transport sector have reinforced the need to understand and
evaluate the environmental impacts of logistics operations [3].
In this context, the systematic monitoring and analysis of CO2
emissions generated by terminal activities represent a challenge,
as they require solutions capable of continuously collecting,
integrating, and analysing heterogeneous operational data.

Digital twins can help address this challenge by providing a
digital representation of physical infrastructures and processes
while maintaining a continuous connection between the real
system and its digital model [5]. The application of this concept

in logistics contexts enables the systematic collection and
analysis of operational data, providing a structured view of
system operations and supporting decision-making based on up-
to-date information.

However, a review of the state of the art reveals some
relevant limitations. In particular, many existing approaches rely
on fragmented systems with weak integration between
components, making it difficult to obtain a holistic view of the
system [8], [10]. In addition, most of the work focuses primarily
on operational metrics and does not consistently integrate
environmental indicators, such as fuel consumption and CO-
emissions [15], [18]. Finally, several solutions are based on
historical data and do not support continuous or near-real-time
monitoring [16], [17].

This work presents the development of a Digital Twin
prototype for a logistics terminal, aimed at monitoring and
analysing both operational and environmental indicators,
including distances traveled, fuel consumption, and CO-
emissions associated with reach stackers. The proposed
approach integrates these indicators into a single digital model,
providing a unified view of the terminal's operational status and
the environmental impact of its activities. The proposed solution
is based on a modular architecture that integrates different
components responsible for collecting, processing, storing, and
visualizing data. In particular, the system allows ingestion of
operational data, processing for event detection and metric
calculation, historical storage of information, and visualization
through an interactive interface.

The main contributions of this work are as follows:

e The definition of an integrated approach to the
adoption of sustainability Digital Twins in logistics
terminals;

e The implementation of a data pipeline that enables
continuous  monitoring  of  operational  and
environmental indicators;

e The integration of sustainability metrics into the digital
model, supporting the analysis of the environmental
impact of terminal operations.

The remainder of the paper is organized as follows. Section
I presents the state of the art. Section III describes the system
architecture. Section IV details the data flow and processing.



Section V presents the model for estimating environmental
indicators. Section VI addresses the visualization component
and Section VII discusses findings and future work
opportunities. Finally, conclusions are presented in Section VIIIL.

II. STATE OF THE ART

Digital Twin technology has been widely explored in the
context of cyber-physical systems and industrial environments,
with applications in production, simulation, and product life
cycle management [6]. However, its application in logistics and
transport contexts is more recent and remains at a lower stage of
maturity [6]. In the field of supply chains, some works have
explored the concept of Digital Supply Chain Twin, with a focus
on risk management, resilience, and response to disruptions [7].
These approaches tend to act at a more strategic and tactical
level, not addressing in detail the real-time operational
monitoring of logistics equipment and processes.

An approach closer to the operational level integrates
Internet of Things (IoT) and big data technologies, enabling real-
time data collection and processing [8]. In these cases, Digital
Twins are used to generate performance indicators and improve
operational visibility. Even so, many of these architectures are
generic or were originally designed for industrial environments
and do not fully address the specific needs of logistics [8].

In the context of ports and terminals, the Digital Twin has
been applied as a simulation, planning, and decision support tool
[9]-[11]. Some approaches integrate technologies such as BIM,
GIS, and IoT to represent infrastructure and operations, thereby
improving efficiency and reducing operational costs [9].
However, these solutions face significant challenges, namely in
the integration of heterogeneous data, the complexity of
modeling real systems, and the use of fragmented systems,
which limits the achievement of a holistic view of the terminal

[10], [11].

Regarding environmental monitoring, several studies have
addressed the estimation of CO: emissions in logistics terminals,
using both real energy consumption data and bottom-up models
[15]-[17]. These studies enable the identification of the main
emitting equipment and the evaluation of operational efficiency,
but have limitations due to dependence on data quality and the
fact that the analysis is often conducted asynchronously, using
historical data [15]-[17]. Sustainability-oriented dashboards and
environmental decision-support principles have also been
proposed in adjacent operational contexts [18].

More recent studies have explored the integration of Digital
Twins with sustainability objectives, demonstrating their
potential to reduce energy consumption and assess
environmental impacts [19], [20]. However, these approaches
are primarily applied in industrial contexts, and their practical
use in logistics terminals remains limited [20]. To summarize
the main contributions, limitations identified in the literature,
Table I presents the benefits, limitations, and gaps associated
with the different approaches analyzed.

Based on the literature analysis, a clear gap emerges in the
development of integrated solutions that combines Digital
Twins with operational monitoring and sustainability analysis in
near-real-time [8], [10], [15], [19]. In particular, there is a need
for architectures that support the continuous integration of

operational and environmental data, while also enabling
historical analysis and interactive visualization.

TABLE 1. BENEFITS, LIMITATIONS, AND GAPS OF APPROACHES
Topics
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Benefits Limitations Gaps
Digital Twins Monlt(_)rlng, N Ap}_)hcatlon _Lack of_
in Logistics analysis, decision | limited to integration of
support, risk complex environmental
Contexts P
management systems indicators
Optimization, Integration of Lack of
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terminals monitoring
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III. SYSTEM ARCHITECTURE

The architecture proposed for the Digital Twin prototype
was designed to integrate, in a modular and scalable way, the
components responsible for collecting, processing, storing, and
visualizing operational and environmental data from a logistics
terminal. The architecture is organized into several functional
layers that clearly separate responsibilities and support future
system evolution. These layers include: (i) data sources, (ii)
processing layer, (iii) Digital Twin platform, (iv) temporal data
storage and analysis, and (v) visualization layer.

A. Data Source

At the base of the architecture are the sources of operational
data, which provide the information necessary for the system to
operate. The data includes records of the activity of reach
stackers and forklifts over a month of operation for testing
purposes. Each record contains information such as latitude,
longitude, container transport status (whether in operation or
not), container identifier, associated transport identifier, and its
timestamp. These data are processed sequentially, allowing to
simulate the behavior of the system over time and approaching
a near-real-time data ingestion scenario.

B. Data Ingestion

This layer, implemented in Python, is responsible for reading
data from the source and processing and routing it through the
system’s different workflows. The Movement Engine analyzes
the evolution of location data to detect relevant events, such as
movements, pickups, drops, and container changes. Its operation
is based on comparing the previous system state with newly
received data. The Sustainability Engine computes
environmental indicators, such as distance traveled, fuel
consumption, and CO: emissions, using the processed
operational data. The indicators produced are stored in a time-
series database (TSDB) along with their timestamps, enabling
historical analysis. Simultaneously, these data are forwarded to
the Digital Twin platform, where they are aggregated to generate



daily sustainbility indicators. Fig. 1 illustrates the flow of
information in the system and the organization of the
components.
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Fig. 1. Flow of information and the organization of the components

C. Digital Twin Platform

The Digital Twin platform serves as the system's source of
truth, maintaining the current state of the equipment and entities
within the terminal. In this work, the Eclipse Ditto platform is
used to provide a digital representation of terminal assets and to
continuously update their state based on data processed by the
backend. Each asset (e.g., a reach stacker, a forklift, or a
container) is modeled as a Digital Twin with two categories of
attributes. Static attributes, such as the equipment name,
identifier (ID), and equipment type, are defined manually and
remain unchanged overtime. Dynamic attributes, such as
location, operational status, and associated performance and

sustainability metrics, are updated continuously. These dynamic
attributes are maintained by both the Movement Engine and the
Sustainability Engine.

D. Storage and Visualization of Historical Data

To support historical analysis and the longitudinal
construction of indicators, the processed data are stored in a
temporal database. In this work, InfluxDB is used to efficiently
storage time series data and to support queries over specific time
intervals. To overcome data retention limitations, the database is
deployed using a self-hosted configuration. This component is
essential for analyzing the evolution of metrics such as distance
traveled, fuel consumption, and CO: emissions, enabling
comparisons across different time periods, equipment types, or
individual assets. For data analysis and visualization, Grafana is
used to create interactive dashboards. These dashboards support
the identification of major emission sources, the most intesively
used equipment, and trends in operational and environmental
indicators over time.

E. Visualization Platform

The visualization layer is responsible for presenting
information to the user in a clear, interactive way by combining
the terminal's spatial representation with data analysis. The main
interface was developed using web technologies, namely React,
and integrates interactive maps via Mapbox together with a 3D
world populated with dynamic objects. This interface enables
users to visualize the terminal layout and its assets and to interact
with individual elements in order to access detailed information.

Simultaneously, data analysis is supported by Grafana
dashboards, which are embedded in the interface using iframes.
These dashboards provide complementary analytical views,
including time-series visulizations, cumulative metrics, and
performance rankings, thereby enhancing the spatial
visualization with quantitative insights.

1V. DATA PIPELINE AND FLOW

The system is based on a sequential and incremental data
pipeline that transforms raw operational data into structured, up-
to-date information consumed by the components of the Digital
Twin. This pipeline simulates a realistic data flow, ensuring
continuous integration across system layers, from data ingestion
to visualization, while mirroring real operational conditions.

A. Data Reading and Sequencing

The pipeline starts by reading data from the source. This
module loads and preprocesses the data using the pandas library,
discarding columns that are irrelevant to the project context,
such as operator identifiers and relative positions within the
terminal. The dataset is organized chronologically by timestamp
to ensure that evets are processed in their correct temporal order.
This approach allows simulation of the system's real behavior,
in which data is generated continuously over time. Each row in
the dataset is treated as an individual event, representing the state
ofadevice at a given instant. The original time intervals between
records are maintained, ensuring that the processed events retain
the same time spacing as in reality.



B. Incremental Processing

After reading, each record is processed incrementally by the
backend. This is carried out line by line, allowing the system
status to be updated progressively. During this phase, the data is
analyzed by the Movement Engine and the Sustainability
Engine. Initially, the current state (as represented by the existing
information in Eclipse Ditto) is compared with the new state in
the next line of the dataset. Differences between consecutive
states trigger the execution of the processing modules. The
Movement Engine detects relevant operational events by
analyzing changes in location and container-handling status,
while the Sustainability Engine calculates derived
environmental metrics such as distance traveled, fuel
consumption, and CO: emissions. This incremental processing
enables both near-real-time event detection and the continuous
construction of operational and environmental indicators.

C. Digital Twin State Update

After processing, the computed data are used to update the
current state of the corresponding entities within the Digital
Twin platform. Each new event updates the equipment’s
dynamic attributes, namely location, operational status, and
associated metrics. These metrics are accumulated on a daily
basis, reducing the need for runtime aggregation and improving
the performance of the visualization layer. This continuous
update ensures that the Digital Twin consistently reflects the
system's latest operational state, making it the source of truth.

D. Historical Data Storage

In parallel with the Digital Twin update, all processed
records are stored in a temporal database, together with their
timestamps. This historical storage enables the reconstruction of
the indicators' evolution over time, and support subsequent
analyses, such as equipment performance evaluation,
identification of operational patterns, and comparisons across
different time periods.

E. Availability for viewing

The stored historical data and the current Digital Twin state
are made available to the visualization layer. The temporal
database feeds analytical dashboards using Grafana, that
represent time-series, cumulative indicators, and performance
rankings. At the same time, the Digital Twin platform provides
real-time data to the interactive interface, enabling an up-to-date
spatial representation of terminal equipment. This representation
is achieved using three-dimensional objects positioned
according to the latest state stored in Eclipse Ditto, ensuring a
consistent and synchronized view of operations across both
analytical and spatial visualization components.

V. SUSTAINABILITY MODEL

The sustainability model adopted in this work draws on
approaches from the literature for estimating CO: emissions in
port and logistics terminals. In particular, models that relate fuel
consumption to equipment activity, typically expressed as a
function of the number of rides and the average distance
traveled, were considered.

In this work, the original approach is adapted to better
exploit the granularity of the available data. Instead of using
aggregate metrics, such as the number of operations multiplied

by the average distance, an incremental approach was chosen,
This approach directly calculates the distance between
consecutive geographic coordinates recorded for each piece of
equipment. As a result, equipment activity can be estimated
more accurately and continuously, aligning the emissions model
with both the incremental data pipeline and the progressive
update logic of the Digital Twin. CO2 emissions are calculated
using a direct relationship between distance traveled and fixed
conversion factors for fuel consumption and emissions. The
adopted model is defined in Equation (1), where emissions are
estimated by multiplying the distance traveled by a fuel
consumption factor and a CO: emission factor:

E=dXx fg X [, (1
where the distance travelled is given by:
d = dist(pa, pn) 2

In this formulation, E represents the amount of CO:
emissions (in kg), d corresponds to the distance traveled (in
km), f,; represents the fuel consumption factor, assumed as 5
liters per kilometer for reach stackers, and f,. corresponds to the
CO:z emission factor per liter of diesel, set to 2.65 kg CO2/L [16].

The distance is calculated based on the variation between
consecutive geographical positions using a geodetic formula as
shown in Equation (2), where p, represents the previous
position and p, the new position of the equipment. This
incremental calculation provides a fine-grained estimate of
distance traveled over time, which is then accumulated for
further analysis.

A. System Integration

The indicators calculated by the sustainability model are
integrated directly into the system’s data pipeline. During
incremental processing, distance travelled, fuel consumption,
and CO: emissions are continuously updated for each piece of
equipment. These indicators are used in two complementary
ways. Within the Digital Twin platform, they are aggregated at
the daily level to provide up-to-date operational and
environmental indicators. In parallel, they are stored in the
temporal database with full temporal resolution, supporting
historical analysis and dashboard generation.

B. Model Limitations

Despite being functional, this version of the sustainability
model presents limitations due to its simplicity. First, it does not
account for variations in fuel consumption related to the type of
operation or the weight of the transported cargo, which would
require integration with container-level data. Second, it assumes
constant fuel consumption and emission factors. Third, it does
not use direct sensor data or real fuel measurements.
Nevertheless, these limitations are acceptable within the scope
of this work, as the primary objective is to validate the proposed
architecture and its operation, as well as to demonstrate the
integration of sustainability analysis within a Digital
Twin-based monitoring system.

VI. VISUALIZATION

The main objective of the visualization layer is to present
operational and environmental information in a clear, intuitive,
and interactive manner by combining a spatial representation of



the logistics terminal with data analysis. The developed interface
supports two complementary perspectives: (i) real-time
visualization of equipment status and (ii) historical analysis of
indicators through analytical dashboards.

A. Spatial Visualization

The spatial visualization component is based on a three-
dimensional representation of the logistics terminal, using the
GLTF format. This representation allows users to observe the
position and current status of terminal equipment according to
their most recently reported state. This interface was developed
using web technologies, namely React, and integrates interactive
maps through Mapbox to enhance spatial context.

B. User Interaction and Analytical Visualization

The interface supports direct interaction with the elements
displayed in the terminal. Users can select individual pieces of
equipment to access detailed information about their operational
state and associated indicators. The presented data include both
operational and environmental metrics, such as distance
traveled, estimated fuel consumption, and CO: emissions. See
Fig. 2.
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Fig. 2. Equipment Selection

To complement the spatial visualization, the system also
provides access to historical data through Grafana dashboards,
as illustrated in See Fig. 3.
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VII. DISCUSSION AND OUTLOOK

The development of the proposed prototype enable the
validation of the architecture through engagement with
practitioners, supporting reflection on the role of Digital Twins

in logistical contexts. Beyond its technical implementation, it is
important to analyze how the solution positions itself relative to
existing approaches and to examine its potential for real-world
applications. This section discusses the system’s main
contributions, its ability to cover different dimensions of the
problem, and opportunities for future evolution.

A. Scope Coverage

One of the main advantages of the proposed system lies in
its ability to integrate multiple analytical scopes [21] into a
single Digital Twin. Currently, the system focuses on Scope 1
emissions, with planned extencions to cover additional scopes,
namely Scope 2, which includes indirect emissions from
electricity consumption (e.g., equipment operation and terminal
lighting), and Scope 3, which emcompasses indirect emissions
related to container transport, including rail operations.

In the current implementation, Scope 1 is addressed through
the estimation of CO. emissions generated by equipment
movements within the terminal. Although its modeling is less
complex than that of other scopes, it is particularly relevant in
this context because it is based on real operational data. This
allows the direct environmental impact of terminal activities to
be captured and aligns with data-driven, equipment-level
approaches reported in the literature [15]. Additionally, the
incremental nature of the model highlights how small individual
movements, when accumulated over time, can result in
significant environmental impacts, reinforcing the importance of
continuous operational monitoring [16], [17].

B. Comparison with Existing Works

The proposed solution differs from existing approaches by
integrating multiple dimensions into a unified architecture.
While existing approaches often focus on isolated aspects, such
as simulation [9], decision support [11], or performance analysis
[8], the developed prototype continuously combines operational
monitoring, temporal analysis, and environmental impact
assessment. In addition, many Digital Twin implementations in
logistics and port contexts suffer from fragmented data
integration and a lack of holistic system visibility [10]. These
limitations are addressed through the integration of end-to-end
components, spanning data ingestion and processing, storage,
and visualization, resulting in a more comprehensive and
coherent representation of terminal operations.

C. Operational and Decision Support Applications

The system provides information that can support a range of
operational and managerial use cases. First, it can be applied in
training contexts, enabling the analysis of equipment usage
patterns and the identification of best practices. The combined
visualization of movements and performance indicators
facilitates a clearer understanding of the operational impact of
different decisions. Second, the system supports operational
managers by enabling continuous monitoring of terminal
activities. Finally, the inclusion of environmental metrics makes
the solution relevant for audits and sustainability assessments,
responding to the increasing demand for systematic monitoring
and reporting of environmental impacts [18].



D. Outlook and Future Work

Future development will focus on extending the system’s
analytical capabilities and scope. A key direction is integrating
forecasting mechanisms to anticipate operational behaviour and
estimate future environmental impacts. In addition, the system
is planned to expand to include additional equipment types, such
as refrigerated containers (reefers), along with indicators related
to their energy consumption and CO: emissions. This evolution
will support broader coverage of emission scopes. Another
direction is extending the model to railway operations, enabling
analysis of alternative loading and unloading strategies and their
operational and environmental implications. This enhancement
will contribute to a more comprehensive view of the logistics
chain and further support the inclusion of Scope 3 emissions.

VIII. CONCLUSION

This paper presented the development of a Digital Twin
prototype for a logistics terminal, focusing on integrating
operational monitoring, sustainability analysis, and interactive
visualization into a wunified architecture. The system
demonstrates the feasibility of combining data ingestion,
processing, storage, and visualization into a coherent pipeline,
enabling the continuous analysis of operational and
environmental indicators, such as distance traveled, fuel, and
CO: emissions. This work contributes to a broader vision of
sustainability-oriented Digital Twins, in line with recent
research highlighting their relevance in supply chain contexts
[22]. The system addresses a critical segment of the logistics
chain where transitions between transport modes, such as road,
rail, and maritime, are mediated by handling equipment whose
optimization is essential for reducing environmental impacts. By
integrating operational and environmental data into a unified
Digital Twin, the proposed solution supports a more holistic
understanding of system performance, enabling more informed,
sustainability-oriented decision-making.
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