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Abstract - Floating oil and gas production systems, including Floating 

Production Storage and Offloading (FPSO) units and Floating Liquefied 

Natural Gas (FLNG) facilities, play a crucial role in offshore hydrocarbon 

extraction. However, these systems are highly energy-intensive and 

contribute significantly to greenhouse gas (GHG) and pollutant emissions, 

posing environmental and regulatory challenges. This presents a 

comprehensive framework for real-time emission monitoring and 

optimization tailored to the complex operational environment of floating 

production units. The framework integrates advanced sensor technologies for 

continuous monitoring of key emission species such as CO₂, CH₄, NOₓ, and 

SOₓ, coupled with robust data acquisition and transmission protocols 

designed to handle the harsh offshore conditions. Data fusion techniques are 

employed to combine sensor outputs with operational logs and process 

simulations, ensuring data accuracy and reliability despite noise and missing 

information. Central to the framework is an emission optimization module 

that leverages thermodynamic and equipment performance models alongside 

artificial intelligence and machine learning algorithms. This module supports 

multi-objective optimization strategies, balancing emission reduction goals 

with production efficiency and operational constraints. Key optimization 

approaches include predictive control, load management, fuel switching, and 

flare minimization, enabling operators to make informed decisions that 

reduce environmental impact without compromising system performance. 

The framework’s efficacy is demonstrated through a detailed case study of a 

representative FPSO, showcasing significant potential for emission reduction 

and improved energy efficiency. Sensitivity analyses highlight the robustness 

of the approach under varying operational conditions and uncertainties. 

Finally, the review discusses practical considerations for integrating the 

framework with existing onboard control systems, addressing cybersecurity 
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and operator training needs. Future directions include expanding the 

framework to incorporate carbon capture technologies and autonomous 

optimization capabilities. This framework provides a scalable and adaptable 

solution to support floating production operators in meeting increasingly 

stringent environmental regulations while optimizing operational 

performance, thus contributing to the sustainable development of offshore oil 

and gas resources. 

Keywords : Framework, Emission, Monitoring, Optimization, Energy-

intensive, Floating oil and Gas production systems 

 
1. Introduction 

Floating production systems, such as Floating Production Storage and Offloading units (FPSOs) and Floating 

Liquefied Natural Gas facilities (FLNGs), are vital assets in offshore oil and gas extraction, particularly in 

deepwater and ultra-deepwater environments (Awe, 2017; Oyedokun, 2019). These systems are designed to 

extract, process, store, and offload hydrocarbons directly at sea, eliminating the need for extensive fixed 

platforms or pipelines to shore. FPSOs are versatile units capable of handling crude oil production, storage, and 

offloading, while FLNGs specialize in processing and liquefying natural gas for transport (Awe et al., 2017; 

ADEWOYIN et al., 2020). Due to their remote and complex operational environments, these floating systems 

are inherently energy-intensive, relying heavily on onboard power generation for processing equipment, gas 

compression, heating, and other auxiliary systems (Akpan et al., 2017; OGUNNOWO et al., 2020). 

The importance of monitoring greenhouse gas (GHG) emissions and other pollutants from these floating units 

has escalated in recent years amid growing environmental concerns and tightening regulatory requirements 

(Omisola et al., 2020; ADEWOYIN et al., 2020). Emissions from offshore facilities contribute significantly to 

the carbon footprint of hydrocarbon production, with CO₂, methane (CH₄), nitrogen oxides (NOₓ), and sulfur 

oxides (SOₓ) among the primary pollutants. Effective monitoring is critical not only for regulatory compliance 

but also for environmental stewardship and operational optimization (Solanke et al., 2014; Chudi et al., 2019). 

Real-time emissions data enable operators to identify inefficiencies, reduce wasteful energy consumption, and 

mitigate environmental impact, contributing to sustainable offshore production (Magnus et al., 2011; Chudi et 

al., 2019). 

 

Despite the critical need for emissions oversight, floating production units face substantial challenges in 

achieving effective emission control (Ajiga, 2021; Odio et al., 2021). The high energy consumption of FPSOs 

and FLNGs arises from continuous operation of power-intensive systems such as gas turbines, compressors, and 

flaring systems. These systems operate in harsh offshore environments, with limited opportunities for 

maintenance or operational intervention (Awe et al., 2017; Akpan et al., 2019). Furthermore, the complexity 

and variability of production processes lead to fluctuating emission profiles, complicating efforts to monitor 

and control emissions accurately (Adesemoye et al., 2021; ADEWOYIN et al., 2021). 

Currently, there is limited visibility into real-time emissions due to fragmented sensor deployments, data 

acquisition limitations, and integration challenges with control systems (OGUNNOWO et al., 2021; 
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Ogunnowo et al., 2021). Existing monitoring approaches often rely on periodic manual sampling or infrequent 

data reporting, which fails to capture transient emission events or provide timely actionable insights (Okolo et 

al., 2021; Ojika et al., 2021). Consequently, operators struggle to optimize energy use and emissions proactively, 

increasing operational costs and environmental risks (ADEWOYIN et al., 2021; Onyeke et al., 2022). 

 

In response to these challenges, this aims to develop a comprehensive framework for real-time emission 

monitoring and optimization specifically tailored for energy-intensive floating oil and gas production systems 

(Daraojimba et al., 2021; Orieno et al., 2021). The framework seeks to integrate advanced sensor networks, 

robust data acquisition methods, and sophisticated data processing algorithms to provide accurate, continuous 

emission measurements. Additionally, it incorporates optimization strategies leveraging process modeling and 

artificial intelligence to balance emission reduction with operational efficiency (Onaghinor et al., 2021; 

Mustapha et al., 2021). The ultimate goal is to empower operators with actionable intelligence that supports 

sustainable production, regulatory compliance, and cost-effective energy management. 

 

2.0 Methodology 

To conduct a comprehensive review on emission monitoring and optimization in energy-intensive floating oil 

and gas production systems, a systematic literature search was performed following the PRISMA guidelines. 

Relevant studies were identified through electronic database searches including Scopus, Web of Science, and 

IEEE Xplore, using a combination of keywords such as "emission monitoring," "optimization," "floating oil and 

gas production," "energy-intensive systems," and related terms. The search was restricted to articles published 

in English within the last 15 years to capture the most recent advancements in this rapidly evolving field. 

After retrieving the initial set of articles, duplicates were removed using reference management software. 

Titles and abstracts of the remaining articles were screened for relevance against predefined inclusion criteria 

focused on studies addressing emission quantification, monitoring frameworks, optimization techniques, and 

energy management specifically within floating oil and gas platforms. Studies that did not directly relate to 

these topics or those focusing solely on onshore systems were excluded. 

Full-text versions of the shortlisted articles were then assessed for eligibility, ensuring that the selected studies 

provided empirical data, methodological frameworks, or case studies pertinent to emission monitoring and 

optimization. Articles lacking sufficient methodological detail or those that were purely conceptual without 

practical validation were excluded to maintain quality and applicability. 

Data extraction was conducted systematically from the eligible studies, capturing key information such as 

monitoring techniques used, types of emissions addressed, optimization methods applied, system 

configurations, and reported outcomes in terms of emission reductions or energy savings. The quality and risk 

of bias of included studies were evaluated based on transparency of methodology, robustness of data, and 

reproducibility of results. 

The synthesis of findings was conducted narratively and thematically, focusing on identifying common 

approaches, technological trends, challenges, and gaps in current emission monitoring and optimization 

practices in floating oil and gas production systems. This methodical approach aimed to provide a 
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comprehensive and reliable framework to guide future research and industrial applications in reducing 

environmental impact within this sector. 

 

2.1 System Overview 

Floating production systems play a crucial role in offshore oil and gas extraction, particularly in deepwater and 

ultra-deepwater environments where traditional fixed platforms are impractical. These systems are complex 

installations that encompass multiple subsystems, each with significant energy demands and associated 

emission sources (Adewoyin, 2021; Dienagha et al., 2021). Understanding the structure and operation of these 

floating systems, the emissions generated, and the regulatory environment that governs their operation is 

essential for developing effective emission monitoring and optimization frameworks. 

Floating production systems can be broadly classified into several types, including Floating Production Storage 

and Offloading units (FPSOs), Floating Storage and Offloading units (FSOs), Tension Leg Platforms (TLPs), and 

Spar platforms. FPSOs are among the most widely used and versatile, capable of producing, processing, storing, 

and offloading hydrocarbons. These systems integrate energy-intensive subsystems essential to their operation. 

Power generation onboard is typically accomplished through gas turbines or diesel engines, which supply 

electricity to the entire facility. Gas compression systems are employed to re-inject or export produced gas, 

often requiring significant mechanical energy. Water injection subsystems maintain reservoir pressure and 

enhance hydrocarbon recovery but also consume substantial power. Additionally, flaring systems are used to 

safely dispose of excess hydrocarbons or gases that cannot be processed or stored, acting as a critical safety 

measure but a notable source of emissions (Chudi et al., 2021; Awe, 2021). 

Emissions from floating production systems originate from various sources, primarily linked to combustion 

processes and system leaks. Combustion sources such as gas turbines and diesel engines are major contributors 

to carbon dioxide (CO₂), nitrogen oxides (NOₓ), sulfur oxides (SOₓ), and particulate matter. Gas turbines, 

favored for their reliability and power-to-weight ratio, burn natural gas or other hydrocarbons to generate 

electricity but emit greenhouse gases and pollutants as byproducts. Diesel engines, often used as backup or 

auxiliary power sources, also contribute substantially to emissions. Beyond combustion, venting and flaring are 

significant contributors to methane (CH₄) and CO₂ emissions. Venting involves the intentional release of 

unburned hydrocarbons directly into the atmosphere, usually during maintenance or operational upsets 

(Okolo et al., 2022; Nwulu et al., 2022). Flaring combusts these gases but still results in CO₂ emissions and 

incomplete combustion can generate methane, a potent greenhouse gas. Fugitive emissions, which occur due 

to leaks in valves, seals, connectors, and other equipment, present a stealthy but critical source of hydrocarbon 

loss and environmental impact. These leaks are difficult to detect but can cumulatively account for substantial 

emissions over time. 

The operational and regulatory context surrounding emissions from floating production systems has evolved 

significantly in recent years, reflecting increasing global awareness of climate change and environmental 

protection. International frameworks such as the International Maritime Organization’s (IMO) regulations, 

including the Energy Efficiency Design Index (EEDI) and Ship Energy Efficiency Management Plan (SEEMP), 

set standards for energy use and emissions in maritime and offshore operations. The European Union’s 

Monitoring, Reporting, and Verification (EU MRV) regulation mandates the annual monitoring and reporting 
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of CO₂ emissions from ships, influencing offshore floating units as well. Additionally, industry initiatives like 

the Oil and Gas Methane Partnership (OGMP) focus specifically on methane emission reductions across the oil 

and gas value chain, encouraging transparency and improved measurement techniques (Ogunwole et al., 2022; 

Esan et al., 2022). These regulations and initiatives underscore the need for integrated emission monitoring 

frameworks that do not operate in isolation but are closely tied to operational management. 

The integration of emission monitoring systems with operational management is critical for optimizing energy 

use and minimizing environmental impact. Real-time monitoring technologies, such as continuous emission 

monitoring systems (CEMS), sensor networks, and advanced analytics, provide operators with actionable data 

on emissions and equipment performance. This information enables proactive decision-making, such as 

adjusting fuel consumption, optimizing compressor operation, scheduling maintenance to reduce fugitive 

emissions, and improving flaring efficiency. Furthermore, integration facilitates compliance with regulatory 

requirements by automating reporting and ensuring transparency. The adoption of digital twins and predictive 

models enhances this integration, enabling simulation and optimization of energy and emission profiles under 

varying operational scenarios (Ojika et al., 2022; Uzozie et al., 2022). 

Floating production systems are intricate platforms with multiple energy-intensive subsystems that 

collectively generate significant emissions through combustion, venting, flaring, and leaks. These emissions are 

subject to an evolving landscape of regulatory standards and industry initiatives aimed at curbing greenhouse 

gases and pollutants. To meet these challenges, there is a critical need to embed emission monitoring within 

operational management frameworks, leveraging advanced technologies to optimize energy use, reduce 

emissions, and ensure regulatory compliance (Ojika et al., 2022; Uzozie et al., 2022). This integrated approach 

forms the foundation for sustainable offshore oil and gas production in an increasingly carbon-conscious world. 

2.2 Emission Monitoring Architecture 

Effective emission monitoring in energy-intensive floating oil and gas production systems requires a robust 

and integrated architecture that encompasses sensor infrastructure, data acquisition and transmission, and data 

fusion and validation processes as shown in figure 1(Onaghinor et al., 2022; Ogunwole et al., 2022). This 

outlines the critical components of such an architecture tailored to the unique challenges of offshore floating 

production units like FPSOs and FLNGs. 

The foundation of an emission monitoring system lies in the deployment of accurate and reliable sensors 

capable of detecting key greenhouse gases (GHGs) and pollutants. The primary gases of interest on floating 

production systems include carbon dioxide (CO₂), methane (CH₄), nitrogen oxides (NOₓ), and sulfur oxides 

(SOₓ). Each of these gases originates from various onboard processes such as combustion in gas turbines and 

engines, flaring operations, venting, and fugitive leaks. 

For CO₂ monitoring, nondispersive infrared (NDIR) sensors are commonly employed due to their sensitivity 

and durability in harsh offshore environments. Methane sensors often use tunable diode laser absorption 

spectroscopy (TDLAS) or catalytic bead sensors to detect low concentrations with high specificity. Nitrogen 

oxides are typically measured using chemiluminescence detectors, which provide selective and real-time 

quantification of NO and NO₂ components. Sulfur oxides, particularly SO₂, are monitored through ultraviolet 

fluorescence sensors that offer rapid response and high accuracy (Adedokun et al., 2022; Komi et al., 2022). 
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Figure 1: Emission Monitoring Architecture 

Sensor placement is critical for capturing representative emission data. Sensors are strategically installed at 

known emission points such as exhaust stacks of gas turbines and engines, flare headers, vent lines, and 

potential leak-prone areas like valve seals and pipeline joints. Integration with topside process control systems 

allows sensors to be connected to the distributed control system (DCS) or supervisory control and data 

acquisition (SCADA) systems for centralized monitoring. Sensors are housed in protective enclosures designed 

to withstand corrosive saltwater atmospheres, temperature fluctuations, and mechanical vibrations typical of 

offshore operations (Ubamadu et al., 2022; Onyeke et al., 2022). 

 

Given the dynamic nature of floating production environments, real-time data acquisition is essential for 

timely detection and mitigation of emission events. The monitoring architecture incorporates continuous data 

logging from multiple sensors, capturing high-frequency measurements that reflect transient emission 

fluctuations. 

Edge computing devices are deployed close to sensor clusters to preprocess data locally, performing initial 

filtering, anomaly detection, and compression. This reduces latency and bandwidth requirements for 

transmitting data to central servers or cloud platforms. Edge computing also enables autonomous local 

decision-making in case of connectivity loss. 

Connectivity presents a significant challenge on floating systems, as data must be transmitted reliably over 

potentially unstable networks. Wired Ethernet and fiber-optic cables provide high-speed communication 

within the topside infrastructure, while wireless technologies such as Wi-Fi or 4G/5G may be used for less 

critical sensor nodes or for redundancy. Satellite communication is often necessary for offshore facilities far 

from shore, though it introduces latency and cost constraints. The system architecture must incorporate robust 

protocols to handle intermittent connectivity and ensure data integrity during transmission. 
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Raw sensor data alone often provide an incomplete or noisy picture of emissions due to environmental 

interferences, sensor drift, and operational fluctuations. To enhance accuracy, the monitoring framework 

employs data fusion techniques that combine sensor readings with complementary information from 

operational logs and process simulations (Achumie et al., 2022; Onyeke et al., 2022). 

Operational logs include data on equipment status, fuel consumption, production rates, and maintenance 

activities. Integrating these logs with sensor data provides contextual insights, enabling the correlation of 

emission spikes with specific process events or equipment malfunctions. Process simulations, often based on 

thermodynamic and fluid dynamic models of the production system, offer predictive estimates of expected 

emissions under given operating conditions. Comparing sensor data with simulation outputs helps identify 

anomalies and validate sensor measurements. 

Handling noise and missing data is critical for maintaining system reliability. Noise filtering algorithms, such 

as Kalman filters or wavelet transforms, are applied to smooth sensor signals and remove outliers. Missing data, 

which may result from sensor faults or communication interruptions, are addressed through imputation 

methods using interpolation or machine learning models trained to predict missing values based on historical 

patterns. 

Regular sensor calibration is vital to counteract drift and degradation over time. Calibration routines are 

automated where possible, using reference gases or internal sensor diagnostics, and are supplemented by 

manual checks during scheduled maintenance. Calibration data are incorporated into data processing 

workflows to adjust sensor outputs dynamically, ensuring long-term measurement accuracy. 

The emission monitoring architecture for floating oil and gas production systems integrates advanced sensor 

technologies with sophisticated data acquisition, transmission, and fusion techniques (Nwulu et al., 2022; Elete 

et al., 2022). This comprehensive approach ensures accurate, real-time emissions data essential for effective 

environmental management and operational optimization in challenging offshore environments. 

 

2.3 Emission Optimization Framework 

In floating oil and gas production systems, achieving emission reductions while maintaining operational 

efficiency requires a sophisticated optimization framework that integrates detailed energy and process 

modeling with advanced optimization algorithms and practical operational strategies as shown in figure 2. This 

details the core components of such a framework designed to minimize greenhouse gas and pollutant emissions 

without compromising production targets. 

A fundamental aspect of emission optimization lies in accurately modeling the energy consumption and 

process dynamics of critical subsea and topside systems. Thermodynamic models are employed to characterize 

key equipment such as gas compressors, separation units, and power generation turbines. Similarly, separation 

units—used to segregate oil, gas, and water phases—are modeled using mass and energy balances alongside 

phase equilibrium calculations, enabling the estimation of energy demands and potential emission 

contributions linked to operating parameters like temperature and pressure (Nwulu et al., 2022; Elete et al., 

2022). 
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Beyond individual equipment, system-level performance modeling aggregates these component models into 

comprehensive digital twins—virtual replicas of the physical asset. Digital twins incorporate real-time data 

feeds, allowing dynamic simulation of the floating production system’s behavior under different scenarios. 

These models help predict emissions and energy use as functions of operational changes, providing a testbed 

for optimization algorithms and what-if analyses. By accurately reflecting the complex interplay between 

equipment, process variables, and environmental conditions, digital twins serve as a critical foundation for 

informed decision-making. 

 
Figure 2 : Emission Optimization Framework 

 

The optimization challenge is inherently multi-objective, balancing the goals of emission reduction, energy 

efficiency, and production reliability. Emission minimization often conflicts with maximizing hydrocarbon 

output, necessitating algorithms that can navigate trade-offs and identify optimal operating points. 

Multi-objective optimization techniques such as Pareto-based evolutionary algorithms or weighted-sum 

approaches are applied to this problem. These methods generate sets of solutions that offer different balances 

between emissions and production, enabling operators to select strategies aligned with priorities such as 

regulatory compliance or profitability. 

Artificial intelligence (AI) and machine learning (ML) augment these classical optimization methods by 

enabling predictive control and adaptive decision support. Supervised ML models predict equipment 

performance degradation or fault likelihood, informing maintenance scheduling that prevents inefficient 

operation and excessive emissions (Nwulu et al., 2022; Ajiga et al., 2022). Integrating AI-driven forecasting 

with optimization algorithms creates a responsive system capable of real-time adjustment to changing 

conditions and disturbances. 

To translate optimization results into actionable measures, several operational strategies are implemented to 

reduce emissions practically; Load Shedding, this involves selectively reducing or temporarily shutting down 
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non-critical equipment during peak demand or high emission periods. By prioritizing essential processes, load 

shedding minimizes energy consumption and emissions without significant production loss. Scheduling, 

production schedules and equipment runtimes are optimized to avoid operating under suboptimal conditions 

that lead to excess emissions. For instance, gas compressors may be cycled or throttled based on forecasted 

production rates and energy prices, optimizing their duty cycles for minimal emissions. 

Fuel Switching, where feasible, switching to cleaner fuel sources, such as blending natural gas with lower-

carbon alternatives or using hydrogen-enriched fuels, reduces the carbon intensity of combustion processes on 

floating units. The optimization framework evaluates trade-offs in fuel costs, availability, and emission 

reductions. Flare Minimization, flaring is a major source of emissions on floating production systems, often 

used as a safety release or during process upsets. Operational strategies focus on improving flare gas recovery 

systems, reducing unnecessary flaring through predictive maintenance, and optimizing process parameters to 

maintain stable operation within flare limits (Giuliani et al., 2019; Asadi et al., 2021). 

Together, these strategies form an integrated operational toolkit guided by the optimization framework. By 

continuously monitoring system states and forecasting emissions, operators can implement these tactics 

dynamically, achieving sustained emission reductions aligned with production goals. 

The emission optimization framework combines detailed thermodynamic and equipment modeling with 

advanced multi-objective algorithms and AI-driven control to manage the complex trade-offs inherent in 

floating oil and gas production. Coupled with practical operational strategies like load shedding and flare 

minimization, this approach offers a comprehensive pathway to reduce emissions while maintaining efficient 

and reliable offshore hydrocarbon extraction (Akintobi et al., 2022; Adeniji et al., 2022). 

2.4 Implementation Considerations 

The implementation of emission monitoring and optimization frameworks in floating oil and gas production 

systems involves multiple complex considerations that extend beyond technology deployment as shown in 

figure 3. Successful adoption depends on seamless system integration, robust cybersecurity and data integrity 

measures, and comprehensive operator training supported by effective decision support tools. Addressing these 

factors is essential to ensure reliable performance, regulatory compliance, and operational efficiency. 

 
Figure 3: Implementation Considerations 
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System integration is a fundamental challenge when implementing emission monitoring solutions in floating 

production systems. These platforms typically rely on distributed control systems (DCS) and supervisory 

control and data acquisition (SCADA) systems to manage and automate complex operations. The emission 

monitoring framework must be closely linked with these onboard control systems to provide real-time, 

synchronized data flows and enable integrated decision-making. DCS platforms coordinate the control of 

processes such as power generation, gas compression, and water injection, while SCADA systems provide 

higher-level supervisory control and remote monitoring capabilities. Integration allows emission data collected 

from sensors and analyzers to be fed directly into the control logic, enabling automated adjustments to 

operational parameters that optimize emissions and energy consumption (Sobowale et al., 2022; Akintobi et al., 

2022). Moreover, integration facilitates automated alerting and shutdown sequences in the event of abnormal 

emissions or equipment faults, enhancing safety and environmental protection. Achieving seamless 

interoperability requires adherence to industry communication standards, such as OPC UA and Modbus, and 

often necessitates custom middleware solutions to bridge legacy systems with modern emission monitoring 

technology. 

In parallel with integration, cybersecurity and data integrity are critical implementation considerations in 

offshore environments, where connectivity and system complexity pose vulnerabilities. Floating production 

systems are increasingly connected to shore-based control centers and cloud platforms for data analytics and 

regulatory reporting, exposing them to potential cyber threats. Unauthorized access or cyberattacks could lead 

to data manipulation, operational disruption, or safety incidents, undermining both environmental and 

business objectives. To mitigate these risks, emission monitoring systems must be designed with cybersecurity 

by design principles, incorporating multi-layered defenses such as firewalls, intrusion detection systems, 

encryption, and secure authentication protocols. Additionally, maintaining data integrity ensures that emission 

records are accurate, tamper-proof, and compliant with regulatory audit requirements. Blockchain technology 

and secure log management systems are emerging as promising solutions to guarantee immutable and 

verifiable data trails. Regular cybersecurity assessments and incident response planning are also essential 

components to maintain system resilience over the lifetime of the platform (Adewoyin, 2022; Onukwulu et al., 

2022). 

Another pivotal aspect of implementation is operator training and the deployment of decision support tools to 

translate complex emission data into actionable insights. Floating production systems operate in dynamic and 

often harsh offshore environments, requiring operators to make rapid decisions balancing safety, production 

targets, and environmental compliance. Training programs must therefore equip personnel with the 

knowledge to interpret emission metrics, understand system interdependencies, and respond effectively to 

anomalies or optimization opportunities (Clarke et al., 2020; Srivastava et al., 2020; Patterson et al., 2021). 

Simulation-based training modules, incorporating digital twins of the production system, can provide hands-

on experience in managing emission control scenarios without risking actual operations. Decision support tools 

powered by artificial intelligence and machine learning can augment operator capabilities by analyzing vast 

amounts of data, identifying patterns, and recommending optimized operational adjustments. These tools can 

highlight trade-offs between production efficiency and emission reduction, enabling informed decision-

making aligned with regulatory requirements and corporate sustainability goals. Visualization dashboards with 
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intuitive interfaces further enhance situational awareness and facilitate communication among 

multidisciplinary teams. 

The implementation of emission monitoring and optimization frameworks in floating oil and gas production 

systems demands a holistic approach that integrates technological, cybersecurity, and human factors. Linking 

monitoring systems with onboard DCS and SCADA platforms enables real-time data-driven control and 

enhances operational responsiveness. Robust cybersecurity and data integrity safeguards protect against 

evolving cyber threats and ensure reliable compliance reporting. Comprehensive operator training, supported 

by advanced decision support tools, empowers personnel to effectively manage emissions while optimizing 

production performance. Addressing these considerations is essential to unlocking the full potential of 

emission monitoring technologies and advancing sustainable offshore oil and gas operations in a rapidly 

changing regulatory and environmental landscape (Ogunnowo et al., 2022; Okolo et al., 2022). 

2.5 Future Work 

As the offshore oil and gas industry strives to meet increasingly stringent environmental regulations and 

reduce its carbon footprint, future advancements in emission monitoring and optimization will be pivotal. 

Building upon current frameworks, several promising research directions and technological innovations are 

poised to transform emission management in floating production systems (Bento and Fontes, 2019; Nilsson et 

al., 2021). Key among these are the integration with carbon capture and storage (CCS) technologies, enhanced 

monitoring using satellite and drone-based platforms, and the development of autonomous optimization 

systems. 

Carbon capture and storage represents a critical technology for achieving deep decarbonization in energy-

intensive industries, including offshore oil and gas production. CCS involves capturing CO₂ emissions at the 

source, transporting the captured gas, and securely storing it underground or utilizing it in enhanced oil 

recovery or other industrial processes. Future work should focus on integrating CCS seamlessly with floating 

production systems, creating a closed-loop approach where emissions are not only monitored but also actively 

mitigated. 

This integration poses several technical challenges and research opportunities. First, the framework must be 

extended to include real-time monitoring of capture system efficiency, CO₂ purity, and leak detection within 

the CCS infrastructure (Adu et al., 2019; Singh et al., 2020). Process models and digital twins should be adapted 

to simulate the coupled dynamics of production and capture units, enabling optimization algorithms to balance 

capture rates with operational constraints and energy consumption. Furthermore, the logistics of offshore CO₂ 

transport—whether via subsea pipelines or ship-based transfer—require robust scheduling and risk 

management tools integrated within the emission optimization framework. Addressing these aspects will 

enable floating production systems to transition from solely emission monitoring toward proactive carbon 

management. 

 

While onboard sensor networks provide granular and real-time data on emissions, they are often limited to 

fixed locations and may not detect diffuse or fugitive emissions effectively. Future research should explore 

augmenting local monitoring with satellite and drone-based remote sensing technologies to achieve 

comprehensive spatial coverage and improved detection capabilities. 
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Satellites equipped with spectrometers and infrared sensors can monitor large offshore areas for plumes of 

methane and other greenhouse gases. Recent advances in satellite resolution and data processing enable near-

real-time tracking of emission sources, helping to identify leaks or flaring events that might be missed by 

onboard systems. Complementing satellites, unmanned aerial vehicles (UAVs) or drones offer high-resolution, 

flexible inspection capabilities. Drones can be deployed for targeted surveys around critical infrastructure, 

quickly mapping emission hotspots and verifying sensor data. 

Integrating satellite and drone data into the emission monitoring architecture requires developing advanced 

data fusion and validation algorithms capable of reconciling disparate data sources and scales. Additionally, 

autonomous flight planning and operation for drones must be developed to ensure safe and effective 

monitoring in offshore environments. Such integrated remote sensing strategies will provide operators with a 

comprehensive, multi-tiered view of emissions, enabling faster response and more informed optimization 

decisions. 

The future of emission management lies in fully autonomous optimization systems that can operate with 

minimal human intervention, dynamically adjusting production parameters to optimize emission performance 

in real time. Building on advances in artificial intelligence (AI), machine learning (ML), and digital twins, 

autonomous systems will combine predictive modeling, decision-making algorithms, and real-time data to 

implement optimal control strategies continuously. 

These systems will leverage reinforcement learning and adaptive control techniques to learn from operational 

data and improve their policies over time. By autonomously balancing competing objectives—such as 

minimizing emissions, maximizing production, and ensuring equipment safety—autonomous controllers can 

respond instantly to changing conditions, process disturbances, or equipment faults (Gamer et al., 2020; Rubio 

et al., 2021; Tofangchi et al, 2021). Furthermore, integration with automated maintenance scheduling and fault 

detection systems will enable proactive mitigation of emission sources before they escalate. 

To achieve practical deployment, future work must address challenges related to system reliability, 

cybersecurity, and operator trust. Human-machine interfaces should be designed to provide transparency and 

explainability of autonomous decisions, facilitating operator oversight and collaboration. Testing and 

validation under diverse offshore scenarios will be essential to ensure safety and robustness. 

Future work in emission monitoring and optimization for floating oil and gas production systems will focus on 

integrating CCS technologies for active carbon management, enhancing emission detection through satellite 

and drone-based remote sensing, and developing autonomous optimization systems that enable real-time, 

adaptive control. Together, these advances promise to significantly reduce the environmental impact of 

offshore hydrocarbon production while maintaining operational efficiency and safety, driving the industry 

toward a more sustainable future (Sommer et al., 2019; Vora et al., 2021; Sircar et al., 2021). 

 

Conclusion 

This presents a comprehensive framework for emission monitoring and optimization in energy-intensive 

floating oil and gas production systems. The framework integrates advanced sensor technologies capable of 

real-time detection of key greenhouse gases and pollutants with robust data acquisition, fusion, and validation 

methods tailored for harsh offshore environments. It further incorporates detailed thermodynamic and 
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equipment performance models, combined with multi-objective optimization algorithms and artificial 

intelligence, to balance emission reduction goals with production efficiency. Operational strategies such as 

load shedding, fuel switching, scheduling, and flare minimization complement the framework, enabling 

practical and dynamic emission management. 

The contributions of this work lie in its holistic approach, combining state-of-the-art sensor infrastructure, 

digital twins, and AI-driven optimization within an integrated system. This enables floating production 

operators to gain unprecedented visibility into emissions and proactively optimize operations, thus addressing 

the long-standing challenges of monitoring and controlling emissions in complex offshore environments. The 

framework’s adaptability to incorporate future advancements such as carbon capture integration and remote 

sensing further enhances its potential impact. 

From a regulatory perspective, this framework supports compliance with increasingly stringent emission 

standards by providing accurate, continuous emissions data and actionable insights. It empowers operators to 

demonstrate environmental accountability while minimizing the risk of costly penalties or shutdowns. 

Operationally, the optimization capabilities contribute to reduced energy consumption and improved system 

reliability, translating to lower operational costs and enhanced safety. 

Looking ahead, the vision is for smarter, low-emission offshore production systems where autonomous 

optimization, real-time emission monitoring, and integrated carbon management become standard practice. 

Such systems will leverage digital twins, AI, and emerging technologies like satellite and drone monitoring to 

create resilient, efficient, and environmentally responsible offshore assets. Ultimately, this evolution will 

enable the oil and gas industry to reconcile its operational demands with global sustainability goals, fostering a 

cleaner and more sustainable future for offshore energy production. 
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