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Abstract 
This paper presents a Digital Twin to prepare an international response to marine 
pollution events. This research is conducted by a multidisciplinary team of information 
systems and marine pollution experts to create a digital environment suitable to represent 
near-real-time pollution events, assisting the command structure and combat teams in 
improving performance and knowledge of standard protocols. The reported results were 
obtained in the first year of the project and included (1) the Digital Twin architecture, (2) 
the simulation of the natural conditions, and (3) the prototype of the performance 
evaluation dashboard. Our findings suggest that current simulation systems help inform 
decisions but are insufficient to prepare complex scenarios requiring coordination 
between multiple agents operating in extreme conditions. Digital Twins can help in 
preparing procedures and evaluating performance in digital representations. This study 
contributes to a recent Digital Twin literature trend that aims to create digital replicas of 
comprehensive sociotechnical scenarios. 

Keywords: Digital Twin, marine pollution, training, disaster response. 

 

1. Introduction 
Marine pollution is one of the biggest problems and threats to the sustainability of our 
planet. Thus, it is of utmost importance to invest in measures to combat marine pollution 
that will allow us to achieve a cleaner ocean for future generations [2]. Spills of 
hydrocarbons or hazardous pollutants can have disastrous consequences that continue to 
be felt years later [31]. If a spill occurs, there must be a rapid response and collection of 
the pollutants to minimize the consequences on the environment and marine life. 
Therefore, the various entities responsible for containing the event must be mobilized and 
coordinated to minimize the environmental impact, response time, and financial impact. 

Mitigating marine pollution requires all parties involved to know the intervention 
plans and have the appropriate training. It is essential to conduct periodic exercises using 
the response mechanisms, usually involving real on-site simulations [9]. This scenario 
makes marine pollution preparation, especially on an international scale, difficult to 
conduct regularly and opens the possibility of developing digital solutions to improve 
preparedness and continuously assess the performance of the response network. 

Digital Twins, defined as digital replicas of physical assets or systems, can be used to 
analyze, and simulate different maritime scenarios to make processes more efficient, 
sustainable, and cost-effective. It is now clear that “industries such as maritime are 
moving over to cyber-physical systems, and you cannot verify and classify these only on 
the basis of documentation – these systems need to be tested in a simulated environment” 
[34]. Nevertheless, despite the outstanding ongoing initiatives to develop Digital Twins 
of the ocean [21, 22], there is still a lack of solutions addressing marine pollution. 
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Our research is integrated into the international project Marine Pollution Control 
Simulator (MPCS), aiming to create a learning and simulation tool that allows the 
development of the skills of the response teams to the occurrence of a spill based on a 
discrete event simulation methodology. Its main objective is to provide a quick and 
effective response to the threat or occurrence of a spill of hydrocarbons or other 
hazardous pollutants to minimize the impact on the environment, the economy, and the 
localities near the spill location. Developing a marine pollution Digital Twin is one of the 
critical tasks in the MPCS project and the main research goal addressed in this paper. 

The remainder of this paper is organized as follows. The following section reviews 
previous studies on Digital Twins and their applicability in a maritime environment. 
Next, Section 3 presents the design research approach. Subsequently, Section 4 describes 
the Digital Twin model for maritime pollution and its results. The paper closes in Section 
5, presenting the main conclusions, limitations, and avenues for future research. 

 

2. Background 
2.1. The Emergence of Digital Twins in the Maritime Context 

In 1991, David Gelernter presented the concept of Mirror Worlds, which is very close to 
the Digital Twin concept known today. It consisted of a software model that could be fed 
with data in real-time to reproduce reality. The model was also capable of recalling past 
events whenever requested. Although the concept was innovative, it was impossible to 
implement due to the technological developments when it was presented [11]. Later, in 
2002, Michael Grieves associated the term with a model for Product Lifecycle 
Management [15, 17]. The model comprised three elements: (1) physical space, (2) 
virtual space, and (3) a linking mechanism that allows information exchange between 
them [16]. 

NASA marked the history of Digital Twins when they adopted the concept in Apollo 
13, assisting several astronauts in returning home after a mission problem. Much has 
changed since the Apollo 13 launch, but Digital Twin has increased its potential to 
predict a physical system state and anticipate future states [32]. This can be accomplished 
thanks to the bidirectional data exchange between the physical and the digital object [32]. 
Recently, Tao [36] proposed a Digital Twin Model composed of five dimensions as an 
extension to the three-dimension model introduced by Grieves. The author suggests an 
approach where the model combines physical and virtual data for a more thorough and 
precise information collection. This model also includes services where the DT functions 
can be encapsulated to allow centralized management and immediate access [36]. 

Depending on the data integration, Kritzinger [25] claims three different 
subcategories of Digital Twins exist. Fig.1 presents the subcategories proposed. A Digital 
Model exists if there is no automated data transfer between the digital and physical 
object. On the other hand, a Digital Shadow results from a unidirectional data exchange 
between a physical and a digital object. Finally, Digital Twin’s data exchange is 
automated and bidirectional [25]. 

 

 
Fig. 1. Digital Twin categories (adapted from [25]). 

In recent years, researchers have explored the applicability of Digital Twins in a maritime 
environment. Lee et al. [26] presented a Digital Twin capable of predicting ocean waves 
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and hydrodynamic performance. This information can help reduce vessel fuel 
consumption and optimize velocity. The Digital Twin can also find the optimum route 
and calculate the associated risk in real-time. Coraddu [6] presented a Digital Twin of a 
ship that can estimate the speed loss caused by marine fouling, which can help reduce 
fuel consumption by scheduling maintenance actions for cleaning and estimating ship 
efficiency. However, most of the studies focus on the shipping business, lacking 
solutions for training all the details of marine pollution control at a large scale. 

One of the most inspiring projects for the marine adoption of Digital Twins is 
currently under development by the European Union: the ILIAD Digital Twin of the 
Ocean. This project will allow users to visualize the ocean’s geography and use virtual or 
augmented reality to view ocean data more interactively. It will also involve other 
European projects [21, 22]. Mercator Ocean International is also developing a model for 
the ocean that will be combined with other frameworks for real-time operations, allowing 
for the past, present, or future ocean state to be represented [27]. A Digital Twin pilot for 
the Cretan Sea is being developed as part of the ILIAD project. It aims to help track and 
forecast contamination from an oil spill by combining several high-resolution forecasting 
services [35]. This project confirms the novelty of the topic and the opportunity to go 
beyond the ILIAD vision, not only forecasting oil spills but also using the Digital Twin to 
train the multidisciplinary teams responsible for pollution-fighting. 

 
2.2. Preparing for Disaster Response 

Disaster response training can use scenario-based simulations, where personnel can make 
the same decisions as in real scenarios [24]. The training of disaster response personnel 
should focus on speedy response and team coordination, which implies knowledge of the 
combat protocol [24]. To achieve these goals, response teams must exercise regularly to 
build and assess preparedness. It is important to identify the main capabilities that should 
be assessed and how to evaluate users’ performance against them during the exercise 
[13]. According to [13], there are three types of capabilities: functional, management and 
support, and relational and problem solving. The author also identifies evaluation 
techniques that can be used to evaluate user performance, such as after-action review, 
indicators, documentation, and plan evaluation. The requirements and boundaries of 
digital crisis management tools have already been addressed in recent ISD research. For 
example, [3] studying the process support, the timeline of exercises, ease-of-use, and 
flexibility. Another example of information sharing during a crisis is presented by [29]. 

 
2.3. Existing Tools for Management and Performance Evaluation in Marine Pollution 

Simulation replicates or produces real-world experiences interactively so that the user can 
practice certain real-life aspects and make decisions in a controlled and close-to-real 
environment [10, 33]. This kind of user experience allows for using software simulators 
as a platform for training. Users can use them to develop their skills and coordination 
strategies [20]. Training is essential for developing appropriate knowledge and skills for 
emergency response situations and should occur regularly. Therefore, simulators are a 
handy way to train response teams and are less expensive than traditional training [33]. 

Simulators of dangerous events have been created for numerous fields, like aviation, 
military training, and surgery [20, 23]. There are also simulators developed for the 
maritime environment. For example, the Transas NTPro 5000 version 5.35 navigational 
bridge simulator [18]. According to the study presented in [18], this simulator provided 
better results than conventional training methods and helped users improve their 
navigation and oil recovery skills. The Emulator is another example that allows training 
in different situations, like marine pollution prevention [12]. 

Dashboards are another vital tool for understanding how training exercises are 
conducted. According to [8], a dashboard is “a visual display of the most important 
information needed to achieve one or more objectives; consolidated and arranged on a 
single screen so the information can be monitored at a glance”. The author also presents 
some fundamental characteristics that should be found on dashboards. The first aspect 
referred to is that the information presented on a dashboard should be well summarized 
so the user can immediately understand it. Similarly, the display of this information 
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should be concise, clear, intuitive, and customized to the user. 
Combining simulation capabilities and advanced visual representations of complex 

events like marine pollution is a central requirement for Digital Twins. Key performance 
indicators need to be collected regularly, allowing the visualization of the evolution of 
data through time. These metrics are essential for quality control; however, it is crucial to 
identify relevant and adequate performance indicators in the problem’s context [9]. 
Performance evaluation is vital in systems with a robust educational component since the 
user’s learning depends on the feedback given [1]. However, our research revealed that 
existing marine pollution simulators (e.g., OpenDrift [7], PISCES II [5], SIMREC [38], 
GNOME Suite for Oil Spill Modeling [30]) require improvement in dashboard 
capabilities and focus on the performance of reducing the contaminant (e.g., amount of 
oil removed, areas affected at the end of the exercise), lacking sufficient features to 
understand the social communication during the event (e.g., the messages were clear, the 
participants knew who was involved and what needed to be done, the areas were 
adequately identified during the planning phase) and response protocol evaluation (e.g., 
the process of authorizations was accomplished as required). A Digital Twin can provide 
a solution to evaluate the complex sociotechnical scenario of marine pollution control. 
 

3. Research Approach 
Our work follows the design science research (DSR) paradigm, aiming to propose 
innovative solutions for a problem, producing knowledge from the design process [19]. 
The artifacts’ utility is central to DSR and may include models, instantiations, or methods 
iteratively developed in sociotechnical contexts [19]. On the one hand, DSR requires a 
solid knowledge base to inform the design and evaluation. On the other hand, the applied 
nature of DSR also requires a relevant context [14]. Fig. 2 presents our DSR grid [4] . 
 

problem 
 
A Digital Twin is necessary 
to replicate the real 
environment of marine 
pollution. Existing 
proposals are limited in 
training social intervention. 
 

research process 
 
Steps of problem 
formulation, design, 
and summative 
evaluation. Adoption 
of DSR guidelines in 
the process. 

solution description 
 
IT artifact with simulation, 
forecasting, and 
performance evaluation 
capabilities incorporated into 
an international platform for 
marine pollution training. 

input knowledge 
 
Marine pollution control, 
simulation systems, Digital 
Twin architecture, and crisis 
response preparedness. 
 

concepts 
 
Information systems; 
Large scale Digital 
Twin; Dashboard. 
 

output knowledge 
 
Design requirements and a 
guiding model for marine 
pollution Digital Twin. 

Fig. 2: DSR grid for the development of marine pollution digital twin. 

 
The DSR grid [4] summarizes the main elements of DSR projects. Our work aims to 
produce prescriptive knowledge with a model and an instantiation [14] beneficial to 
different stakeholders of marine pollution in national and international waters. The 
problem formulation phase occurred in 2022 with the proposal of an international 
cooperation project for marine pollution control. The design and development include a 
team of eight developers, five researchers, and multiple marine experts, having weekly 
meetings and producing different project deliverables to ensure the solution is consistent 
with the project's needs. The model development and the instantiation of the simulation 
capabilities are completed. However, the evaluation is only partially done by the experts, 
requiring all the modules of the system integrated to be completed. Nevertheless, relevant 
knowledge was already produced at this stage, as presented in the following section. 
 



ISD2023 PORTUGAL 

4. Results 
4.1. Design and Development  

The first stage of development of the MPCS consisted of gathering the system 
requirements, which resulted in the preparation of a deliverable. Examples of 
requirements include “the mathematical model should provide the simulation, for each 
instant of time, with all relevant oil spill data (...) and the hydrodynamic and 
meteorological database should provide the simulation with the sea conditions (...) and 
the state of the atmosphere (...). Also “the hydrodynamic and meteorological data should 
be actual data that occurred in the time interval, some years ago, and in the 
geographical area, in which the exercise takes place”. In marine pollution response, “it 
is important (…) to forecast the drift of the spill, the sea state and the atmosphere.(…)”. 
“A naval or aerial means, when approaching the event and/or oil spill site, should 
automatically report (without user intervention), depending on its location and spill 
evolution, the information provided by the mathematical model of the MPCS.(…)”. 
 

 
Fig. 3. Digital Twin model for training marine pollution control. 

 
The Digital Twin aims to enhance the capacity for coordination, response, and 
experience, individually and collectively, in maritime pollution control actions and to 
assess the user's performance in the exercise. The framework presented by [37] inspired 
our proposal for the Digital Twin model for maritime pollution (Fig. 3). It is divided into 
three modules: data capture, DT Intelligent Model, and DT data [37]. The model is split 
into physical and digital spaces and data exchange [11]. In the physical space, there is the 
occurrence of an oil spill and the data capture. The digital space contains the data module 
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and the intelligent module. 
The data capture module is responsible for collecting data from the physical space. In 

our context, this physical space is instantiated using real data from the coast of the 
Iberian Peninsula, presented at the bottom: cartography, hydrodynamics, weather, and 
pollution location, captured over a month. When this module receives a report of an oil 
spill and its characteristics, it calculates its evolution until the exercise’s end time. This 
module uses MOHID algorithm [28] and real weather and oceanographic conditions 
collected in the past to predict hydrocarbon evolution. The team chose this software since 
there were already persons with knowledge of the tool, and communication with 
MOHID’s developers was possible. Therefore, this DT presents the particularity of using 
“real physical conditions” that occurred in the past to assist in preparing teams 
responsible for pollution control. Users can use booms, skimmers, chemical dispersants, 
and other types of equipment to contain and collect the pollutant. The DT receives an 
alert whenever a user interferes with the current state by placing equipment to collect 
hydrocarbon. It automatically calculates the impact that this change has on the 
environment and it is also possible to get a satellite image (Fig. 4) of the training setting.  

 

 
Fig. 4. Satellite images 

 
Fig. 4 represents satellite images users can request to obtain the current spill’s state at any 
moment of the exercise. The image on the right is zoomed in to allow for a better 
perception of the scenario. The DT generated the satellite images after the barrier 
placement to contain the spill. The barrier is represented in Fig. 4 with a blue line and 
contains the spill represented as black dots. When a user requests a satellite image, they 
can also request information about the wind direction (represented with black lines) and 
ocean current (represented with red arrows), similarly to a request made to an aerial 
vehicle monitoring the region (e.g., navy helicopter). Satellite imagery can be requested 
at any time but is particularly useful to aid the placement of spill containment equipment 
since by having visual information on wind direction and ocean current, the user can 
acquire insight into the future evolution of the pollution impact. 

The Digital Twin intelligent module can do real-time monitoring and performance 
evaluation. Real-time monitoring allows users to keep track of the spill’s evolution over 
time (e.g., what changed after the decision to put a specific type of barrier, compared to 
the option of no barrier). Users can keep track in real-time of some indicators of the 
pollutant, like the volume on the coast, collected, dispersed, and evaporated. The other 
primary function of this module is to calculate individual users’ performance and global 
performance. The users’ assessment is based on their decision-making and timing. Global 
evaluation of the exercise depends on individual performance, participant coordination, 
and some metrics like volume collected and human and equipment costs. 
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4.2. Proof of Concept Demonstration 

To simulate marine pollution conditions, a three-dimensional water modeling system is 
used. As represented in Fig. 3 the DT physical conditions include terrain cartography, 
real weather data, and hydrodynamic conditions, and data from the pollution event to 
calculate its evolution through time. The weather data and hydrodynamic conditions date 
from October 2021 and were collected at the location defined as the source of the spill. 
The use of real data, even if not obtained in real time, allows a more reliable and close-to-
the-real simulation of the pollution event. At the beginning of the exercise, the MPCS 
Manager defines the pollution event (e.g., volume and type of hydrocarbon, location, type 
of incident). Fig. 5 shows an example of the pollution impact without team intervention. 

 

 
Fig. 5. Oil spill evolution. 

 
Several metrics can be obtained to reveal the system's real-time tracking and calculate 
users’ performance. For real-time tracking, it is necessary to save and keep track of the 
volume of oil that reaches the shore, oil properties (e.g., density, volume) as its 
characteristics change over time, and the coordinates of the polygon that define the spill 
area. Other MPCS modules (e.g, virtual reality) use the event's location to create a 3D 
representation of the pollution site. 

All communications are stored in the database to assist a complete event timeline. For 
example, authorization requests, notification to other users, decisions taken, and errors 
(e.g., trying to start the pollution control ship not having all the necessary users within the 
range, operating equipment lacking proper training, among other situations identified by 
the experts). At this stage, the evaluation of protocol compliance is done at the end of the 
exercise, but it will be possible to explore natural language processing in the future to 
identify possible problems in protocol execution (e.g., contacting the wrong person to 
request instructions). An example of data stored over time is shown in Fig.6. This file 
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contains essential information about the volume of oil beached, volume of oil evaporated, 
dispersed, sedimented, dissolved, volume removed by chemical dispersion and 
mechanical recovery, among other information about the physical space. 
 

 
Fig. 6. Marine pollution data (extract). 

 
It is essential to differentiate between individual and team results for the performance 
evaluation, defining indicators for both. Thus, data such as time (preparation phase, 
combat phase, investigation phase, and total), the volume of hydrocarbons collected and 
contained, human/equipment cost, people injured or deceased, number of malfunctions, 
and number of losses were identified as global performance indicators by the team.  

For the evaluation of individual performance, the response time and decisions taken 
by the users (evaluated in the system log at the end) are identified. One of the goals of the 
exercise is to help system users improve performance and knowledge of standard 
protocols, so these metrics help understand some of the points of failure improvement 
measures. Fig. 7 presents a mockup of the performance evaluation dashboard. 

 

 
Fig. 7. Digital Twin dashboard. 

 
Fig. 7 highlights the global performance (on the left) and the individual performance on 
the right. A list of individual user decisions is displayed, a graph with the response time 
for each decision made by the user, and an individual score. The DT data module 
manages how the data is stored and presented in the database. 

Configuration of the simulation exercise and persistence of the exercise state (a 
marine pollution event may take weeks to complete) is achieved with the DT data 
module. The database includes a log record for tracking and analyzing exercise 
performance for information on improving operational coordination. The log record also 
allows for tracking whether the protocol is being followed and provides feedback on user 
choices and their impact (e.g., if a boom is used under conditions that do not follow the 
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recommended procedure, it can greatly impact the volume collected or response time). 
Based on the DT data module, we can also evaluate the performance against a base case 
without human intervention. Similarly, verifying the users evolution by comparing their 
performance of previous exercises is also possible. 

The DT model implementation will also include e-learning modules covering topics 
such as regulations, legislation, technologies, equipment, methodologies, leadership in 
marine pollution control, and operation and administration of the MPCS. Each module 
includes a video lesson, a presentation, a document with information on the topic under 
assessment, and a self-assessment test to enable individual and autonomous training.  

Our proposal allows us to create exercises aligned with the International Maritime 
Organization's (IMO) priorities, namely, to practice international coordination in marine 
pollution control, standardize procedures among countries and optimize results. It will 
also regularly train national and international marine pollution teams in three essential 
dimensions: coordination of the means involved, communication, procedures (e.g., 
requesting support from European structures), and equipment maintenance. 

The proof of concept confirmed the suitability of the DT module to represent all the 
critical conditions necessary for a natural environment for training and performance 
evaluation. The new framework allows users to train in coordination and understand 
failure points in this exercise. This helps improve emergency response when a real-life 
oil spill occurs, as users know what procedures to follow. At this research stage, 
however, it is impossible to make a final evaluation as not all modules are integrated 
(e.g., training configuration, VR, or e-learning). Therefore, we presented insights 
collected at this stage about the evaluation of the DT, highlighting requirements and 
compliance with best practices and international standards for marine pollution control, 
confirmed by the specialists participating in the project. 
 

4.3. Design Principles 

The reflection made during this stage of our DSR allowed us to devise the following 
design principles for DTs in marine pollution scenarios. 

Design principle 1: Digital Twins for pollution control should provide real time 
feedback about the impact of decisions. During requirements analysis, we gather 
evidence that response teams need to know the impact of their actions as soon as possible 
to apply corrective measures. 

Design principle 2: Assessing marine pollution control performance can include 
quantitative measurements based on impact prediction and qualitative analysis. Through 
contacts with experts, it was possible to identify relevant indicators of physical impact 
(e.g., volume of pollutant extracted and volume of pollutant reaching the shore).  The 
relevance of post-event analysis for reflection was also verified, requiring details about 
the context of the decisions taken (through the analysis of log files). 

Design principle 3: Interoperability of the physical model and the components 
responsible for interacting with users. During the execution of the exercise, it is 
necessary to ensure access to the data obtained with the physical model (e.g., spill and 
barrier location and aerial photography of the incident site) in an interoperable manner. 

Design principle 4: The Digital Twin can be complemented with the e-learning 
platform to provide the concepts needed by the system users. The Digital Twin and 
learning content teams must work aligned to ensure the correct acquisition of the 
knowledge required for learning and training (for example, protocol knowledge). 

Design principle 5: Digital Twin should make it possible to forecast pollution 
behavior. User actions directly or indirectly influence the state of the spill, so the Digital 
Twin must be able to predict its future state at every instant. 

Design principle 6: The Digital Twin must ensure the persistence of data from 
previous exercises. It is extremely important to keep data from previous sessions to 
assess the evolution of user performance. 
 

5. Conclusion 
This paper presented a Digital Twin proposal for marine pollution control. The results 
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include the Digital Twin model, the construction of the simulation layer, and the design 
of the performance evaluation and visualization layers. Our work extends the current 
body of knowledge in information systems for marine pollution by incorporating the 
sociotechnical training elements usually absent in traditional simulators. The modular 
MPCS architecture puts the Digital Twin at the core of the entire exercise, creating a 
digital replica of a region affected by pollution, the assets, the people, and the 
information system. For theory, our contribution is in the proposal of a Digital Twin for a 
complex sociotechnical context at a regional scale, with training purposes, not restricted 
to the traditional use of specific assets. 

There are also important limitations that must be presented. First, the results were 
obtained during the project’s first year and aimed at identifying all the Digital Twin’s 
variables, elements, and interactions. However, the end users did not yet test it in real 
marine pollution training. The researchers and marine pollution experts did the evaluation 
with a proof of concept. Second, the Digital Twin needs to create an extensive log of all 
the scenarios that emerge due to the decisions made by the users. For example, when a 
barrier is placed or when a specific pump is selected, it is necessary to compare it with 
the optimum solution (or previous exercises to understand if the team performed better). 
Moreover, all the information exchanges are stored in the log. Only when the entire 
system is complete will it be possible to evaluate if the model is sufficient to support the 
training and evaluation of all the participants according to their role in the event. Finally, 
The Digital Twin is a part of the system that also includes VR interaction by the 
participants (e.g., local authorities, European Maritime Safety Agency (EMSA), port 
authorities, and intervention team), which is out of the scope of this paper.  

The next steps toward constructing the Digital Twin include the integration with the 
other modules that are under development. For the performance evaluation, several 
alternatives will be explored, for example, performance evaluation based on the previous 
exercise, based on the percentage of pollution removed, based on an optimum decision 
tree, and based on the simulation result without human interference. Another idea that 
will be explored is to provide individual feedback and a retrospective at the end of the 
exercise to elucidate users of their points of failure. Future work can integrate multiple 
Digital Twins (e.g., the ship Digital Twin, pump Digital Twin, and human Digital Twin) 
operating in an integrated environment. This vision is aligned with the recent standard 
ISO 23247-1:2021 (Digital Twin framework for manufacturing), which envisions more 
complex scenarios aggregating different Digital Twins that need to communicate. A 
combination of multiple interoperable Digital Twins opens new prospects for training 
complex emergency response scenarios, where user preparation is vital. 
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