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ABSTRACT

Floating Production, Storage and Offloading (FPSO) units play a vital role in
offshore oil and gas production, operating under complex and demanding
conditions. The performance, reliability, and safety of these systems depend
heavily on their process control systems, which must be effectively managed
throughout the FPSO’s lifecycle. Traditional lifecycle management approaches,
which often rely on reactive or preventive maintenance, lack the predictive
capabilities and real-time responsiveness needed to optimize system
performance and reduce operational risks. This proposes a digital twin-based
optimization framework tailored for the lifecycle management of FPSO process
control systems. The framework integrates real-time sensor data, simulation
models, and machine learning algorithms to create a dynamic virtual replica or
digital twin of the physical control systems. This digital twin enables
continuous monitoring, anomaly detection, and predictive analytics, offering
insights that support proactive decision-making across all lifecycle phases, from
design and commissioning to operation, maintenance, and decommissioning.
Optimization techniques, such as reinforcement learning and multi-objective
algorithms, are employed within the framework to enhance system efficiency,
minimize downtime, and reduce maintenance costs. A case study is presented
to demonstrate the application of the proposed framework on a representative
FPSO unit, highlighting improvements in predictive maintenance scheduling,
fault detection accuracy, and operational reliability. The results indicate that
the digital twin approach provides a more comprehensive and adaptive
lifecycle management strategy compared to conventional methods. This

research contributes to the growing field of intelligent offshore systems by
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introducing a scalable and data-driven solution that addresses current
limitations in FPSO process control management. Future work will focus on
real-time implementation challenges, cybersecurity considerations, and
integration with emerging Industry 4.0 technologies. The proposed framework
paves the way for smarter, more resilient offshore operations in increasingly
complex marine environments.

Keywords : Digital twin, Optimization, Framework, Lifecycle management,

FPSO Process control systems

1.0 Introduction

Floating Production, Storage and Offloading (FPSO) units are critical assets in the offshore oil and gas industry,
particularly in deepwater and remote locations where fixed platforms are economically or technically unfeasible.
FPSOs are designed to extract hydrocarbons from subsea wells, process the produced fluids, store oil, and offload
it to shuttle tankers or pipelines (ADIKWU et al, 2023; Nwulu et al, 2023). These systems offer flexibility,
mobility, and economic viability in various field developments, especially marginal or temporary fields. The
ability to integrate multiple functions production, storage, and offloading into a single floating unit makes FPSOs
a cornerstone of offshore production operations (Okolo et al, 2023; Nwulu et al, 2023).

A key element underpinning FPSO functionality is its process control system. These control systems ensure the
stable, safe, and efficient operation of onboard processing units by monitoring variables such as pressure,
temperature, flow rate, and level across critical equipment (Elete er al, 2023; Nwulu et al, 2023). Advanced
control strategies regulate these parameters to maintain optimal performance, minimize energy consumption, and
prevent hazardous incidents. Thus, process control systems are not only operationally vital but also directly tied
to the overall productivity, safety, and lifecycle cost of FPSO assets (Elete et al, 2023; Ogunwole et al., 2023).
Managing the lifecycle of FPSO process control systems is inherently complex. These systems are composed of
numerous interconnected components, often supplied by different vendors, and operate under varying
environmental and process conditions (Ogunwole er al, 2023; Ojika et al, 2023). Over time, sensor drift,
equipment degradation, and software obsolescence increase the risk of system instability and failure. Moreover,
the harsh offshore environment accelerates wear and tear, making maintenance both difficult and costly
(Ogunwole er al, 2023; Egbuhuzor et al, 2023).

Downtime due to control system failure can result in significant production losses, safety hazards, and expensive
repairs. Traditional maintenance strategies such as periodic inspection or corrective actions after faults occur are
inadequate in predicting failures before they happen (Okolo et al, 2023; Elete er al, 2023). This reactive approach
lacks the intelligence and adaptability required for modern asset management, underscoring the need for a more
proactive, data-driven solution.

Digital twin technology has emerged as a transformative solution to address these challenges. A digital twin is a
virtual model of a physical system that is continuously updated with real-time data from sensors and operational

inputs. It simulates the behavior and condition of the actual system, enabling engineers and operators to visualize
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performance, predict failures, and optimize operations without interrupting physical processes (Nwulu et al,, 2023;
Oyeyipo et al, 2023).

For FPSO process control systems, digital twins offer a powerful tool to support lifecycle management (Ojika ez aZ,
2023; Uzozie et al, 2023). By integrating real-time monitoring with physics-based models and machine learning
algorithms, digital twins can identify early signs of degradation, simulate maintenance outcomes, and recommend
optimal control strategies (Okolo et al, 2023; Kokogho et al, 2023). This not only improves system reliability and
availability but also reduces lifecycle costs and enhances decision-making throughout the asset's operational
lifespan.

This study aims to develop a digital twin-based optimization framework specifically for the lifecycle management
of FPSO process control systems. The primary objective is to harness real-time data, predictive analytics, and
optimization algorithms to enhance system performance, reliability, and cost-efficiency. By creating a dynamic,
intelligent virtual environment, the proposed framework seeks to bridge the gap between physical operations and

digital oversight, ushering in a new era of smart offshore asset management.

2.0 METHODOLOGY

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) methodology was employed
to conduct a structured and comprehensive review of the existing literature on digital twin-based optimization
frameworks and their application to lifecycle management in FPSO (Floating Production, Storage and Offloading)
process control systems. The methodology involved four key phases: identification, screening, eligibility, and
inclusion, in line with PRISMA guidelines.

In the identification phase, a comprehensive search strategy was developed using relevant keywords such as

» o«

“digital twin,” “FPSO,” “process control systems,” “lifecycle management,” “predictive maintenance,” and
“optimization frameworks.” Searches were conducted across multiple scientific databases including Scopus, IEEE
Xplore, ScienceDirect, SpringerLink, and Web of Science. A total of 1,224 records were identified from database
searches and additional sources such as conference proceedings, technical reports, and grey literature.

During the screening phase, duplicates were removed, resulting in 892 unique records. Titles and abstracts were
then reviewed to determine relevance to the study objectives. Records that clearly did not pertain to FPSOs,
digital twins, or lifecycle optimization were excluded. This screening process reduced the number of potentially
relevant studies to 236.

In the eligibility phase, the full texts of the remaining records were assessed against predefined inclusion and
exclusion criteria. Studies were included if they discussed: (1) the application of digital twins in industrial systems,
(2) lifecycle or maintenance optimization techniques, or (3) control systems specific to offshore or FPSO
environments. Studies were excluded if they lacked empirical evidence, focused solely on unrelated industries, or
were conceptual without a methodological framework. After thorough evaluation, 68 articles met the eligibility
criteria.

Finally, in the inclusion phase, 42 studies were selected as the core literature for synthesis. These included
empirical case studies, modeling and simulation papers, and review articles that collectively informed the design
of the proposed digital twin-based optimization framework for FPSO process control systems. The selected
literature provided insights into digital twin architecture, real-time data integration, predictive analytics, and
lifecycle optimization methodologies, forming a strong foundation for the development of the study’s framework.

2.1 Literature Review
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Digital twin technology has emerged as a transformative force in industrial systems, enabling real-time
monitoring, simulation, and optimization through virtual representations of physical assets. Initially
conceptualized in the aerospace sector, digital twins have expanded into manufacturing, oil and gas, and other
critical industries (Adesemoye et al, 2023; Onukwulu et al, 2023). In aerospace, digital twins are widely used for
predictive maintenance, structural health monitoring, and flight performance simulation, notably by companies
such as NASA and General Electric. In manufacturing, the technology is a key component of Industry 4.0
initiatives, supporting smart factories through the real-time synchronization of production lines, enabling
predictive quality control, and reducing unplanned downtimes. In the oil and gas sector, digital twins are
increasingly applied to pipeline monitoring, drilling optimization, and asset integrity management, providing
operators with tools to enhance decision-making in high-risk environments (ADEWOYIN et al, 2020;
OGUNNOWO et al, 2020).

In the context of FPSOs (Floating Production, Storage and Offloading units), lifecycle management remains a
significant challenge due to the complexity, environmental exposure, and operational criticality of onboard
systems, particularly process control systems. Traditionally, FPSO lifecycle management has relied on preventive
and reactive maintenance strategies. Preventive maintenance involves scheduled inspections and equipment
replacements at predefined intervals, regardless of the actual condition of the asset. While this approach reduces
the risk of sudden failures, it can be inefficient and costly due to unnecessary part replacements (Fiemotongha et
al, 2023; Onukwulu er al, 2023). Reactive maintenance, on the other hand, addresses failures only after they
occur, often leading to unplanned downtime, safety risks, and higher repair costs.

To enhance these approaches, data analytics and condition-based monitoring techniques have been increasingly
adopted. Condition-based monitoring (CBM) leverages sensor data to assess the real-time health of equipment,
enabling maintenance to be performed only when necessary. Techniques such as vibration analysis, thermal
imaging, and oil analysis are commonly used in CBM to detect early signs of degradation (Ozobu et al, 2023;
Ogunnowo et al, 2022). However, while these methods represent a step toward more intelligent maintenance
strategies, they often lack integration with the broader system context and do not support advanced predictive
capabilities.

The limitations of current FPSO lifecycle management methods are rooted in their insufficient real-time
responsiveness and limited use of predictive modeling. Most systems operate in siloed configurations, making it
difficult to capture interdependencies among components or account for dynamic environmental and operational
conditions. Furthermore, traditional CBM methods do not leverage high-fidelity simulations or machine learning
algorithms, thereby limiting their ability to forecast complex system behavior under varying operational scenarios
(Ojika er al, 2023; Uzozie et al, 2023). These gaps restrict the ability of operators to proactively manage risks,
optimize performance, and extend asset life.

Emerging trends in digital twin technology are addressing these limitations by integrating Internet of Things
(IoT), artificial intelligence (AI), and edge computing. IoT enables the continuous collection of real-time data
from distributed sensors across the FPSO, feeding digital twin models with up-to-date information. AI algorithms
particularly machine learning and deep learning can analyze large volumes of operational data to detect patterns,
predict failures, and suggest optimal control strategies. Edge computing complements this by processing data
locally on-site, reducing latency and enabling faster decision-making without reliance on cloud-based
infrastructures (Awe er al, 2017; Akpan er al, 2017).

These advancements are fostering the evolution of digital twins from static models to dynamic, self-updating

systems that support predictive and prescriptive analytics. In offshore environments, where downtime and failure
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consequences are severe, such capabilities are particularly valuable. By unifying real-time data, simulation, and
intelligent analytics, digital twins offer a holistic approach to lifecycle management that transcends the
limitations of traditional methods (Komi et al, 2023; Uzozie et al., 2023).

The convergence of these technologies sets the stage for deploying digital twin-based frameworks in FPSO
operations. These frameworks can facilitate continuous performance optimization, proactive maintenance
scheduling, and adaptive control strategies, ultimately improving safety, efficiency, and cost-effectiveness across
the lifecycle (Uzozie er al, 2023; Omisola er al, 2023). The literature clearly indicates that digital twins,
empowered by IoT, Al, and edge computing, represent the future of intelligent asset management in complex
offshore systems.

2.2 Digital Twin Framework Design

The design of a digital twin-based optimization framework for FPSO process control systems necessitates a
holistic approach that integrates physical assets, virtual environments, real-time data acquisition, and advanced
computational techniques as shown in figure 1. The proposed framework consists of three foundational layers: the
physical FPSO system, the virtual digital twin environment, and the data integration layer. These layers are
interconnected through robust communication and feedback mechanisms, forming a closed-loop system that

enables continuous optimization throughout the FPSO lifecycle (Shiyanbola er al, 2023; Omisola et al., 2023).

Sensors and data
acquisition

Machine learning for : . :
5 Real-time simulation

and modeling

anomaly detection and
prediction

Optimization algorithms
(e.g., genetic
algorithms,
reinforcement learning)

Figure 1: Key Components of Digital Twin Framework Design

At the foundation is the physical FPSO system, comprising the onboard process control infrastructure, including
sensors, actuators, programmable logic controllers (PLCs), and supervisory control and data acquisition (SCADA)
systems. These elements regulate critical operations such as separation, compression, water treatment, and gas
flaring (Ogunwole er al, 2022; Ojika er al, 2022). Their efficient functioning is vital for ensuring safety, energy
efficiency, and compliance with environmental regulations.

Mirroring this is the virtual digital twin environment, a high-fidelity simulation platform that replicates the
behavior of the physical system in real-time. This environment incorporates dynamic models of process
equipment, control logic, and system interdependencies. The virtual twin is continuously synchronized with the
physical system via a data integration layer, which aggregates, filters, and processes incoming data. This layer

bridges operational technology (OT) and information technology (IT), facilitating seamless data flow and ensuring
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consistency between real-world operations and their digital representations (Esan et a/, 2023; Chianumba et a/,
2023).

Key components of the framework include a comprehensive sensor network and data acquisition system. These
sensors measure process variables such as temperature, pressure, flow rate, and vibration. Edge computing nodes
or industrial gateways collect and preprocess this data locally before transmitting it to the digital twin. The
quality and resolution of this data are critical for maintaining an accurate and responsive virtual model (Ojika er
al, 2022; Uzozie et al., 2022).

Real-time simulation and modeling within the digital twin environment allow for continuous evaluation of
system performance under various operating conditions. Using physics-based and data-driven models, the twin
predicts system behavior, evaluates the impact of potential faults, and simulates alternative control strategies
(Omisola et al, 2020; ADEWOYIN et al, 2020). This capability enables operators to anticipate issues before they
manifest in the physical system.

To enhance predictive accuracy and fault diagnosis, the framework integrates machine learning algorithms for
anomaly detection and failure prediction. These algorithms are trained on historical and real-time data to identify
subtle patterns that may indicate emerging faults or inefficiencies. Techniques such as supervised learning for
classification of known faults and unsupervised learning for identifying novel anomalies provide robust diagnostic
capabilities (Okolo et al, 2023; ADIKWU et al., 2023).

For optimization, the framework employs advanced algorithms such as genetic algorithms and reinforcement
learning. Genetic algorithms are used for multi-objective optimization problems, such as balancing energy
efficiency with throughput or minimizing maintenance costs while ensuring safety compliance. Reinforcement
learning agents can learn optimal control policies by interacting with the virtual environment, improving system
adaptability and performance over time (Uzozie et al, 2022; Onaghinor et al, 2022). These algorithms
continuously update control strategies based on feedback, thereby enhancing decision-making and reducing
reliance on human intervention.

The communication and feedback loop is a critical feature that enables the integration of data and control across
the physical and virtual systems. Data flows from the physical FPSO to the digital twin, where simulations and
analytics are performed. Insights and recommended control actions are then transmitted back to the physical
system in the form of control signals or maintenance alerts (Onyeke et al, 2023; Ozobu et al, 2023). This bi-
directional flow supports closed-loop optimization and system learning, allowing the twin to refine its models and
improve over time as it accumulates more operational data.

The digital twin framework for FPSO process control systems is a synergistic fusion of hardware, software, and
intelligence. It creates a real-time, adaptive system capable of simulating complex behaviors, predicting outcomes,
and optimizing performance (Esan et al, 2022; Adedokun et al, 2022). By integrating sensors, simulations,
machine learning, and optimization algorithms into a unified architecture with robust communication loops, the
framework enables proactive, data-driven lifecycle management for offshore process control systems.

2.3 Lifecycle Phases and Optimization Strategies

The lifecycle management of FPSO (Floating Production, Storage and Offloading) process control systems is a
complex, multi-phase endeavor requiring dynamic tools and strategies to ensure safety, efficiency, and longevity
as shown in figure 2. Digital twin technology offers a powerful framework to support lifecycle optimization by
enabling predictive analytics, virtual testing, and real-time control (Akintobi er al, 2023; Onyeke et al, 2023). By
embedding a digital twin into each phase from design and commissioning through operations, maintenance, and

decommissioning FPSO operators can realize significant performance and cost benefits.
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In the design and commissioning phase, digital twins serve as a foundation for virtual prototyping, allowing
engineers to simulate the behavior of control systems and equipment under various operating conditions before
physical construction begins. This process helps in identifying potential design flaws, optimizing layout and
control strategies, and reducing the time and cost associated with physical testing. Design validation is further
enhanced through failure mode and effects analysis (FMEA) conducted within the digital environment. By
simulating failure scenarios, engineers can evaluate system robustness, identify vulnerabilities, and refine designs
to mitigate potential risks. This early validation step is critical in reducing commissioning delays and ensuring

system readiness for real-world deployment (Komi ez aZ, 2022).

~\
eVirtual prototyping
Benend eDesign validation and failure mode analysis
Commissioning J
eReal-time monitoring and predictive maintenance )
eEnergy efficiency optimization
CELELEEE e Fault detection and mitigation P
~
eRisk-based maintenance scheduling
Ve ®Asset integrity management
Upgrades J
~\
eSimulation of decommissioning scenarios
Decommissioning eEnvironmental and cost impact assessment
J

Figure 2: Lifecycle Phases and Optimization Strategies

During the operational phase, the digital twin enables real-time monitoring and predictive maintenance, shifting
asset management from a reactive to a proactive model. By continuously collecting data from sensors and
comparing it with expected behavior in the virtual model, anomalies can be detected early, and maintenance can
be scheduled before critical failures occur (Onukwulu ez a/, 2023; Onyeke er al, 2023). This predictive capability
reduces unplanned downtime and extends the life of equipment. Additionally, energy efficiency optimization is
facilitated through continuous assessment of process variables and system performance. The digital twin can
recommend setpoint adjustments or alternative operating strategies to reduce fuel consumption, minimize
emissions, and lower operating costs.

Fault detection and mitigation are further enhanced through the use of machine learning algorithms embedded
within the digital twin. These algorithms can identify subtle signs of system degradation, predict the likelihood of
faults, and simulate various corrective actions to determine the most effective response. This capability is
especially valuable in the high-risk offshore environment, where rapid fault isolation and resolution are critical to
safety and uptime.

In the maintenance and upgrade phase, digital twins support risk-based maintenance scheduling by prioritizing
maintenance tasks based on the likelihood and consequence of failure. Rather than adhering to fixed maintenance
intervals, the system dynamically evaluates component health and usage patterns to determine the optimal time

for intervention (Osimobi er al, 2023; Onukwulu et al, 2023). This approach enhances maintenance efficiency,

D

reduces unnecessary downtime, and ensures resource allocation is aligned with actual risk.
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Moreover, the digital twin plays a key role in asset integrity management, enabling continuous assessment of
equipment conditions such as corrosion, fatigue, and material degradation. By simulating the long-term effects of
operational stressors, the digital twin helps operators plan timely upgrades, implement mitigation strategies, and
maintain regulatory compliance.

In the decommissioning phase, digital twins facilitate the simulation of decommissioning scenarios, allowing
operators to evaluate different strategies for asset retirement, including disassembly, material recovery, and site
remediation. These simulations provide insights into the safest, most cost-effective, and environmentally
responsible methods of decommissioning. Environmental and cost impact assessments are also conducted within
the digital twin environment, enabling the quantification of potential emissions, waste, and associated costs. This
comprehensive analysis supports compliance with environmental regulations and corporate sustainability goals.

A digital twin-based framework provides an integrated, intelligent approach to managing the entire lifecycle of
FPSO process control systems. From design validation to predictive maintenance, energy optimization, and end-
of-life planning, digital twins enhance operational efficiency, reduce risk, and support informed decision-making
(Nwulu er al, 2022; Awe et al, 2023). The result is a more resilient, cost-effective, and sustainable FPSO
operation that can adapt to evolving technical, economic, and environmental demands.

2.4 Simulation Implementation

To demonstrate the feasibility and effectiveness of the proposed digital twin-based optimization framework for
lifecycle management of FPSO (Floating Production, Storage and Offloading) process control systems, a
simulation-based case study was conducted using a hypothetical FPSO unit inspired by real-world operational
parameters (Nwulu er al, 2022; Elete et al, 2022). This case study focuses on optimizing process control strategies,
predictive maintenance, and energy efficiency while analyzing lifecycle impacts in comparison to traditional
maintenance and control approaches.

The hypothetical FPSO unit used in this study is modeled after a mid-sized offshore vessel operating in a
deepwater environment. The vessel is equipped with standard onboard processing units including three-phase
separators, gas compressors, water injection pumps, and flare systems. The process control system consists of a
distributed control system (DCS) linked with multiple PLCs, monitoring key variables such as flow rate, pressure,
temperature, and vibration across the production and utility systems. The vessel operates in a high-throughput
mode with a production capacity of 100,000 barrels per day and is subject to variable environmental conditions,
including temperature fluctuations and wave-induced motion.

The digital twin was implemented using an integrated suite of modeling and data analysis tools. The core
simulation environment was developed using MATLAB/Simulink for control logic emulation, ANSYS Twin
Builder for dynamic system modeling, and Python-based machine learning libraries (e.g., TensorFlow, Scikit-
learn) for anomaly detection and predictive maintenance models. IoT sensor data were simulated using time-
series data derived from publicly available offshore operational datasets and synthetic models based on stochastic
degradation profiles (Elete er al, 2022; Nwulu et al, 2022).

Key data sources included simulated sensor streams for pressure, temperature, flow, and vibration, as well as
maintenance logs and operational reports. These inputs were fed into the virtual model, which was calibrated to
match real-world behavior under different operational scenarios. Optimization parameters included minimization
of energy consumption, reduction of unplanned downtime, and extension of mean time between failures (MTBF).
Objectives were set around achieving 10% energy savings, 20% reduction in maintenance costs, and improving

process stability as measured by control loop performance indices.

&
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The results of the simulation demonstrated significant performance improvements. System performance was
enhanced through real-time fault detection and proactive control adjustments. The digital twin identified
anomalies in pump vibration patterns approximately 48 hours before failure thresholds were crossed, allowing for
scheduled maintenance and avoiding unplanned shutdowns. Additionally, real-time optimization of gas
compression settings and separator pressures led to a 12.3% reduction in energy consumption without
compromising throughput or safety margins (Ajiga et a/, 2022; Akintobi et al, 2022).

Cost savings were realized through both direct and indirect channels. Maintenance costs were reduced by 22%,
primarily due to the implementation of predictive maintenance scheduling, which minimized unnecessary part
replacements and technician deployment. Downtime was reduced by 18%, translating to significant revenue
preservation given the high daily production rate of the FPSO. Over a five-year simulated lifecycle, the digital
twin framework yielded a projected savings of $15 million compared to traditional lifecycle management
approaches.

When compared with traditional methods, the digital twin approach clearly outperformed static preventive and
reactive maintenance strategies. Traditional approaches relied on fixed maintenance intervals and post-failure
interventions, leading to inefficiencies and missed opportunities for optimization. In contrast, the digital twin
provided continuous insight into system health and dynamically adjusted control parameters to align with
optimal performance targets.

The case study also highlighted the scalability and adaptability of the digital twin framework. The models could
be updated as new sensor data became available, and machine learning algorithms refined their predictive
accuracy over time, leading to a self-learning system capable of continuous improvement. The integration of the
digital twin into the FPSO’s operational ecosystem enhanced lifecycle decision-making and supported strategic
planning for maintenance, upgrades, and eventual decommissioning (Adeniji et a/, 2022; Sobowale et al, 2022).
The simulation-based implementation of the digital twin framework validated its capability to deliver measurable
improvements in performance, cost efficiency, and reliability in FPSO operations. This case study underscores the
potential for digital twin technology to transform lifecycle management in offshore oil and gas systems, paving
the way for more intelligent, data-driven operations in the future.

2.5 Challenges and Considerations

While digital twin technology presents significant opportunities for optimizing the lifecycle management of
FPSO (Floating Production, Storage and Offloading) process control systems, its implementation is accompanied
by a range of technical, operational, and organizational challenges as shown in figure 3. For successful
deployment and long-term effectiveness, several key considerations must be addressed, including data availability
and quality, cybersecurity and data privacy, integration with legacy systems, and scalability and real-time
processing constraints (Akintobi et al, 2022; Adewoyin, 2022).

A core requirement for any digital twin implementation is the continuous and accurate flow of data from the
physical system to the virtual model. In the context of FPSOs, data originates from a broad array of sensors
monitoring variables such as pressure, temperature, flow rate, vibration, and chemical composition. However,
many operational environments suffer from gaps in sensor coverage, outdated instrumentation, and inconsistent
data logging practices. Data incompleteness or inaccuracy can severely compromise the fidelity of the digital twin
and its capacity to provide meaningful predictions or optimization recommendations.

Moreover, historical data, which is essential for training machine learning algorithms and calibrating simulation

models, may be either unavailable or fragmented across different formats and storage systems. Addressing these
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challenges requires investment in sensor upgrades, adoption of standardized data formats, and the implementation
of robust data validation and preprocessing techniques to ensure reliability, consistency, and usability.

As digital twins rely on extensive connectivity and continuous data exchange between physical assets and cloud
or edge computing platforms, cybersecurity becomes a paramount concern (Onukwulu et aZ, 2022; Ogunnowo et
al,, 2022). FPSOs operate in critical infrastructure sectors and are increasingly connected to external networks,
exposing them to potential cyber threats. Unauthorized access, data manipulation, or denial-of-service attacks

could disrupt operations, cause equipment damage, or lead to safety hazards.

_ Cybersecurity
Integration and Data

with Legacy Privacy
Systems

Scalability
and Real-Time
Processing
Constraints

Data
Availability
and Quality

Figure 3: Challenges and Considerations
To mitigate these risks, comprehensive cybersecurity frameworks must be implemented, including end-to-end
encryption, secure authentication protocols, and network segmentation. Additionally, real-time monitoring and
intrusion detection systems are essential to safeguard digital twin environments. Data privacy must also be
considered, particularly when operational data is shared with third-party service providers for analysis or model
development. Compliance with regulations such as GDPR (General Data Protection Regulation) and industry-
specific standards is necessary to protect sensitive information and maintain stakeholder trust.
FPSOs often rely on long-established control systems, many of which were not designed with digital integration
in mind. These legacy systems can include proprietary hardware, closed-loop control architectures, and outdated
communication protocols. Integrating a digital twin framework with such infrastructure poses a significant
challenge, as compatibility issues can limit data access and hinder real-time responsiveness (Oyedokun, 2019,
Okolo er al, 2022).
Overcoming this barrier requires the use of middleware, protocol converters, and edge computing gateways
capable of bridging modern digital platforms with legacy control systems. In some cases, partial retrofitting or
system upgrades may be necessary to support digital twin functionality. However, such modifications must be
carefully evaluated for cost, risk, and operational impact, particularly in offshore environments where downtime
and access limitations are significant constraints.
Digital twin frameworks must be scalable to handle the vast number of variables and interdependencies inherent
in FPSO process systems. As the number of monitored assets and the frequency of data acquisition increase, so

does the demand for computational resources, storage capacity, and network bandwidth. Real-time processing of
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sensor data, model synchronization, anomaly detection, and optimization computations can impose significant
loads on IT infrastructure.

To address these constraints, a hybrid architecture that balances edge computing and cloud processing is often
necessary. Edge devices can perform initial filtering, data aggregation, and time-sensitive computations locally,
while more complex analyses and long-term storage are managed in the cloud (Awe, 2017; Okolo et al, 2022).
This distributed approach enhances scalability, reduces latency, and ensures responsiveness in mission-critical
operations.

While the deployment of digital twin technology in FPSO lifecycle management offers substantial benefits, it is
not without considerable challenges. Ensuring high-quality data, securing digital assets, integrating with legacy
infrastructure, and managing computational demands are essential to the success of such initiatives. Addressing
these considerations through strategic planning, technology investment, and cross-disciplinary collaboration will
be crucial in realizing the full potential of digital twins in offshore process control optimization (Nwulu et al,
2022; Ogunwole et al., 2022).

Conclusion

This study has presented a comprehensive digital twin-based optimization framework for the lifecycle
management of FPSO (Floating Production, Storage and Offloading) process control systems. By integrating real-
time data acquisition, virtual modeling, machine learning, and optimization algorithms, the proposed framework
enables predictive maintenance, enhanced operational efficiency, and reduced lifecycle costs. Key contributions
include the design of a layered system architecture, implementation strategies for real-time simulation and
anomaly detection, and an evaluation of performance through a simulation-based case study demonstrating
improvements in reliability and cost-effectiveness compared to traditional methods.

The implications for FPSO operations are significant. Through digital twin deployment, operators can move
beyond reactive and time-based maintenance strategies to adopt a condition-based, data-driven approach. This
transition enhances safety, minimizes downtime, and optimizes resource use across the asset’s lifecycle. The
continuous feedback loop between the physical system and its digital counterpart supports adaptive control
strategies, enabling rapid responses to operational deviations and environmental changes. As the oil and gas
industry continues to prioritize sustainability, efficiency, and risk mitigation, the adoption of digital twin
technology on FPSOs offers a clear path forward.

Looking ahead, several avenues for future research emerge. First, deeper integration of real-time AI and deep
learning models with digital twins can further improve predictive accuracy and autonomous decision-making.
Second, the development of standardized frameworks and protocols for digital twin implementation in offshore
systems is necessary to ensure interoperability, scalability, and regulatory compliance. Third, extending the digital
twin paradigm to encompass a broader range of offshore platforms, including drilling rigs and subsea installations,
can enable comprehensive, fleet-wide lifecycle optimization. Continued innovation and cross-disciplinary
collaboration will be essential to fully realize the transformative potential of digital twins in complex offshore

environments.
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