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ABSTRACT 

 

The Niger Delta region remains a critical hub for condensate and light crude oil 

production, yet operational inefficiencies related to hydrocarbon shrinkage and 

naturally occurring radioactive material accumulation continue to pose significant 

technical, economic, and environmental challenges. Shrinkage, driven by phase 

transitions, flash losses, and temperature-pressure variations during processing and 

transportation, results in substantial revenue losses and inventory discrepancies. 

Concurrently, naturally occurring radioactive material deposition in processing 

equipment and pipelines presents occupational health hazards and environmental 

contamination risks. Conventional monitoring approaches manual sampling, periodic 

inspections, and laboratory-based radiometric analysis are labor-intensive, time-

delayed, and inadequate for real-time decision-making in dynamic operational 

environments. This review examines the integration of smart monitoring 

technologies, including Internet of Things sensor networks, artificial intelligence 

(AI)-driven predictive analytics, unmanned aerial vehicles (UAVs), and digital twin 

frameworks, as transformative solutions for shrinkage mitigation and assessment. A 

comparative analysis of these technologies highlights their capabilities in continuous 

data acquisition, anomaly detection, and predictive maintenance. The application 

context of the Niger Delta is critically evaluated, addressing region-specific barriers 

such as infrastructural deficits, power supply instability, cybersecurity vulnerabilities, 

and socio-political challenges. The review concludes that strategic deployment of 

smart monitoring systems, supported by capacity building and regulatory 

frameworks, can enhance operational efficiency, reduce economic losses, and 

improve environmental and occupational safety in Niger Delta petroleum operations. 
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1. INTRODUCTION 

 

 The Niger Delta basin accounts for over 90% of 

Nigeria's crude oil and condensate production, 

contributing significantly to national revenue and 

global energy supply [1]. Condensate and light 

crude streams, characterized by high proportions of 

volatile hydrocarbons, are particularly susceptible 

to volumetric losses during production, processing, 

storage, and transportation. These losses, 

collectively termed shrinkage, arise from phase 

behavior changes, evaporative losses, temperature 

fluctuations, and pressure variations across the 

value chain [2]. Industry estimates suggest that 

shrinkage can account for 2% to 8% of total 

production volumes, translating to millions of 

dollars in annual revenue losses for operators in the 

region [3]. Beyond economic implications, 

shrinkage complicates custody transfer 

measurements, inventory reconciliation, and 

regulatory compliance, necessitating robust 

monitoring and mitigation strategies. 

Parallel to shrinkage challenges, the accumulation 

of naturally occurring radioactive materials 

(NORM) in production and processing 

infrastructure has emerged as a critical 

environmental and occupational health concern. 

NORM, primarily comprising radium-226, radium-

228, lead-210, and their decay products, co-

precipitates with barium and calcium sulfate scales 

in pipelines, separators, and storage tanks [4]. 

Prolonged exposure to NORM-contaminated 

equipment poses radiation hazards to workers, 

while improper disposal of NORM-bearing waste 

can lead to soil and groundwater contamination [5]. 

In the Niger Delta, where aging infrastructure and 

limited regulatory enforcement exacerbate these 

risks, effective NORM monitoring and 

management are imperative for sustainable 

operations. 

Traditional monitoring methodologies for shrinkage 

and NORM rely heavily on manual interventions, 

periodic sampling, and laboratory analysis. 

Shrinkage estimation typically involves volumetric 

measurements at discrete points, empirical 

correlations, and thermodynamic modeling, which 

often fail to capture real-time variations and 

transient phenomena [6]. Similarly, NORM 

assessment depends on scheduled radiometric 

surveys using handheld gamma-ray spectrometers 

and laboratory-based analysis of scale samples, 

resulting in delayed detection and reactive 

management [7]. These conventional approaches 

are resource-intensive, prone to human error, and 

inadequate for the dynamic and complex 

operational environments characteristic of Niger 

Delta petroleum facilities. 

The advent of Industry 4.0 technologies has 

catalyzed a paradigm shift toward smart monitoring 

systems that integrate advanced sensors, data 

analytics, and automation. Internet of Things (IoT) 

platforms enable continuous, real-time data 

acquisition from distributed sensor networks, 

facilitating early detection of anomalies and process 

deviations [8]. Artificial intelligence (AI) and 

machine learning algorithms enhance predictive 

capabilities, enabling proactive maintenance and 

optimization of operational parameters [9]. 

Unmanned aerial vehicles (UAVs) equipped with 

thermal imaging and radiometric sensors offer 

rapid, non-invasive inspection of extensive pipeline 

networks and remote facilities [10]. Digital twin 

technology, which creates virtual replicas of 

physical assets, supports scenario analysis, 

predictive modeling, and decision support [11]. 

Collectively, these technologies promise to 

revolutionize shrinkage mitigation and NORM 

assessment in the petroleum sector. 

Despite the transformative potential of smart 

monitoring technologies, their adoption in the Niger 

Delta faces significant barriers. Infrastructural 

deficits, including unreliable power supply and 

limited telecommunications connectivity, constrain 

the deployment of sensor networks and cloud-based 

analytics platforms [12]. Cybersecurity 

vulnerabilities pose risks to data integrity and 

operational continuity, particularly in regions with 

limited technical expertise and regulatory oversight 

[13]. Socio-political challenges, including pipeline 

vandalism, theft, and community unrest, further 

complicate the implementation and maintenance of 

advanced monitoring systems [14]. Addressing 

these barriers requires coordinated efforts involving 

technology providers, operators, regulators, and 

local communities. 
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This review aims to provide a comprehensive 

analysis of smart monitoring technologies for 

shrinkage mitigation and NORM assessment in 

condensate and light crude processing, with specific 

emphasis on the Niger Delta context. The objectives 

are threefold: first, to elucidate the technical and 

economic dimensions of shrinkage and NORM 

challenges; second, to evaluate the capabilities, 

advantages, and limitations of emerging smart 

monitoring technologies; and third, to assess the 

feasibility and barriers to their application in the 

Niger Delta. By synthesizing recent literature and 

technological developments from 2020 to 2026, this 

review seeks to inform stakeholders including 

operators, policymakers, and researchers on 

pathways toward enhanced operational efficiency, 

environmental stewardship, and occupational safety 

in the region's petroleum industry. 

 

2. SHRINKAGE IN CONDENSATE AND 

LIGHT CRUDE PROCESSING 

 

       Shrinkage refers to the reduction in liquid 

hydrocarbon volume that occurs as crude oil or 

condensate moves through the production and 

processing value chain. This phenomenon is 

particularly pronounced in condensate and light 

crude streams, which contain significant fractions 

of volatile components such as methane, ethane, 

propane, and butane [15]. As these fluids experience 

changes in temperature and pressure during 

separation, stabilization, storage, and 

transportation, lighter hydrocarbons vaporize, 

resulting in measurable volumetric losses. 

Understanding the mechanisms, quantification 

methods, and economic impacts of shrinkage is 

essential for effective mitigation. 

The primary mechanisms driving shrinkage include 

flash vaporization, evaporative losses, and 

compositional changes. Flash vaporization occurs 

when high-pressure reservoir fluids are 

depressurized at surface facilities, causing 

dissolved gases and light hydrocarbons to transition 

from liquid to vapor phase [6]. This process is 

governed by the fluid's phase envelope and the 

pressure-temperature trajectory during processing. 

Evaporative losses arise from atmospheric storage 

tanks, where volatile components escape through 

vents and pressure relief valves, particularly under 

high ambient temperatures common in tropical 

regions like the Niger Delta [3]. Compositional 

changes during blending, custody transfer, and 

transportation further contribute to shrinkage, as 

lighter fractions preferentially vaporize or are 

stripped during gas-liquid separation processes. 

Quantification of shrinkage is complex and 

involves both empirical and thermodynamic 

approaches. Empirical methods rely on historical 

data, volumetric measurements at multiple points, 

and statistical correlations to estimate shrinkage 

factors, typically expressed as a percentage of initial 

volume [1]. However, these methods often lack 

precision and fail to account for real-time variations 

in fluid composition, operating conditions, and 

equipment performance. Thermodynamic 

modeling, using equations of state such as Peng-

Robinson or Soave-Redlich-Kwong, provides more 

accurate predictions by simulating phase behavior 

under varying conditions [15]. Commercial process 

simulation software, including Aspen HYSYS and 

PIPESIM, are widely used for shrinkage estimation, 

yet their accuracy depends on the quality of input 

data, including detailed compositional analysis and 

accurate pressure-temperature profiles. 

The economic impact of shrinkage in the Niger 

Delta is substantial. With condensate and light 

crude prices often exceeding $60 per barrel, even 

modest shrinkage rates of 3% to 5% translate to 

millions of dollars in annual losses for individual 

operators [3]. At the national level, cumulative 

shrinkage across multiple fields and facilities 

represents a significant erosion of export revenues 

and fiscal income. Beyond direct revenue losses, 

shrinkage complicates custody transfer and 

allocation processes, leading to disputes between 

joint venture partners, inaccuracies in royalty 

calculations, and regulatory non-compliance [12]. 

Operators also incur costs associated with over-

purchasing replacement volumes, increased flaring 

of vaporized gases, and environmental penalties. 

Mitigation strategies for shrinkage encompass both 

operational and technological interventions. 

Operational measures include optimizing separator 

pressures and temperatures to minimize flash 

losses, implementing vapor recovery units to 

capture and recompress vaporized hydrocarbons, 
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and using floating-roof storage tanks to reduce 

evaporative losses [6]. Blending practices can be 

adjusted to stabilize condensate streams before 

storage and transportation, reducing the volatility of 

the liquid phase. However, these conventional 

approaches often rely on periodic adjustments 

based on historical data and manual monitoring, 

limiting their responsiveness to dynamic process 

conditions. 

Technological advancements in smart monitoring 

offer transformative potential for shrinkage 

mitigation. Real-time measurement of fluid 

composition, pressure, and temperature at critical 

points enables dynamic optimization of separation 

and stabilization processes [8]. Predictive analytics, 

powered by machine learning algorithms, can 

forecast shrinkage trends based on operational data, 

weather patterns, and equipment performance, 

allowing proactive adjustments to minimize losses 

[9]. Integration of IoT sensor networks with process 

control systems facilitates automated responses to 

deviations, such as adjusting valve positions, 

compressor speeds, or cooling rates to maintain 

optimal conditions. These smart technologies not 

only reduce shrinkage but also enhance overall 

process efficiency, safety, and environmental 

performance. 

 

3. NATURALLY OCCURRING 

RADIOACTIVE MATERIALS IN 

PETROLEUM OPERATIONS 

 

        Naturally occurring radioactive materials 

(NORM) are radioactive elements present in the 

Earth's crust that become concentrated in petroleum 

production and processing systems through various 

geochemical processes. In the context of oil and gas 

operations, NORM primarily consists of isotopes 

from the uranium-238 and thorium-232 decay 

series, with radium-226 (Ra-226) and radium-228 

(Ra-228) being the most significant contributors to 

radiation exposure [4]. These isotopes, along with 

their decay products such as lead-210 (Pb-210) and 

polonium-210 (Po-210), co-precipitate with 

mineral scales, accumulate in sludges, and adhere to 

equipment surfaces, creating localized radiation 

hazards. Consequently, assessing the concentration 

levels of these Naturally Occurring Radioactive 

Materials (NORM) is essential for evaluating 

occupational and environmental radiation risks 

associated with petroleum processing activities 

The mobilization and concentration of NORM in 

petroleum systems occur through several 

mechanisms. Radium isotopes, being chemically 

similar to barium and calcium, are naturally present 

in formation waters and can reach concentrations 

several orders of magnitude higher than in seawater 

[7]. During production, changes in pressure, 

temperature, and fluid composition cause barium 

sulfate (barite) and calcium sulfate (gypsum) scales 

to precipitate in production tubing, flowlines, 

separators, and storage tanks. Radium co-

precipitates with these scales, leading to NORM 

accumulation rates that increase with the age and 

production history of the facility [5].  

Health and environmental risks associated with 

NORM exposure are well-documented. Workers 

involved in maintenance, cleaning, and 

decommissioning of NORM-contaminated 

equipment face external gamma radiation exposure 

and potential internal contamination through 

inhalation of radioactive dust or ingestion [4]. 

Chronic exposure to elevated radiation levels 

increases the risk of cancer, particularly lung cancer 

from radon-222 (a decay product of Ra-226) 

inhalation. Environmental risks arise from improper 

disposal of NORM-bearing waste, including 

contaminated scales, sludges, and equipment. In the 

Niger Delta, inadequate waste management 

practices have led to localized soil and groundwater 

contamination, with potential impacts on 

agricultural land and drinking water sources [5]. 

The long half-lives of Ra-226 (1,600 years) and Ra-

228 (5.75 years) mean that contamination persists 

for extended periods, requiring long-term 

monitoring and remediation. 

Regulatory frameworks for NORM management 

vary globally, but generally require operators to 

conduct radiation surveys, implement exposure 

controls, and manage NORM waste according to 

established dose limits and disposal criteria [7]. In 

Nigeria, the Nigerian Nuclear Regulatory Authority 

(NNRA) provides guidelines for NORM 

management in the petroleum industry, including 

requirements for baseline surveys, periodic 
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monitoring, worker training, and waste disposal. 

However, enforcement remains inconsistent, and 

many operators lack the technical capacity and 

resources for comprehensive NORM management 

programs [12]. This regulatory gap, combined with 

aging infrastructure and limited awareness, 

exacerbates NORM-related risks in the Niger Delta. 

Conventional NORM assessment methods rely on 

periodic radiometric surveys using portable 

gamma-ray spectrometers and laboratory analysis 

of scale and sludge samples. Field surveys typically 

measure gamma radiation dose rates at equipment 

surfaces and in work areas, identifying hotspots that 

require further investigation or remediation [4]. 

Laboratory analysis, using techniques such as 

gamma spectrometry and liquid scintillation 

counting, provides detailed isotopic 

characterization and activity concentrations. While 

these methods are well-established and provide 

reliable data, they suffer from significant 

limitations. Surveys are typically conducted 

annually or during turnarounds, providing only 

snapshots of NORM distribution and missing 

temporal variations. Manual sampling is labor-

intensive, exposes workers to radiation, and may 

not capture the full extent of contamination in 

complex, multi-component systems. Laboratory 

turnaround times of days to weeks delay decision-

making and response actions. 

The integration of smart monitoring technologies 

offers substantial improvements in NORM 

assessment. Continuous radiation monitoring using 

networked gamma-ray detectors enables real-time 

tracking of NORM accumulation rates and early 

detection of contamination hotspots [10]. Wireless 

sensor networks can be deployed across extensive 

facilities, providing comprehensive spatial 

coverage without the need for frequent manual 

surveys. These predictive capabilities support 

proactive maintenance scheduling, optimized 

cleaning protocols, and targeted remediation 

efforts, reducing both radiation exposure and 

operational downtime. 

 

4. CONVENTIONAL MONITORING 

METHODS AND THEIR LIMITATIONS 

 

       Conventional monitoring approaches for 

shrinkage and NORM in petroleum operations have 

evolved over decades, relying primarily on manual 

measurements, periodic sampling, laboratory 

analysis, and empirical modeling. While these 

methods have provided foundational data for 

operational decision-making, they exhibit 

significant limitations in accuracy, timeliness, and 

scalability, particularly in the context of modern, 

complex production systems. 

For shrinkage monitoring, conventional methods 

typically involve volumetric measurements at 

custody transfer points, tank gauging, and periodic 

compositional analysis of hydrocarbon streams. 

Tank gauging, using manual dip sticks or automatic 

tank gauges, provides inventory data at discrete 

time intervals, usually daily or weekly [6]. 

Compositional analysis, conducted through gas 

chromatography in centralized laboratories, 

characterizes the hydrocarbon mixture and enables 

calculation of shrinkage factors using 

thermodynamic models. However, these 

approaches suffer from several drawbacks. Manual 

measurements are labor-intensive, subject to human 

error, and provide limited temporal resolution, 

missing transient events such as sudden pressure 

drops or temperature spikes that can cause 

significant flash losses [15]. Laboratory analysis 

turnaround times of several days delay the detection 

of process deviations and          limit the ability to 

implement timely corrective actions. Furthermore, 

conventional methods often rely on assumptions 

about fluid homogeneity and steady-state 

conditions that may not hold in dynamic operational 

environments, leading to inaccurate shrinkage 

estimates. 

NORM monitoring using conventional methods 

faces similar challenges. Periodic radiometric 

surveys, typically conducted annually or during 

scheduled maintenance shutdowns, use handheld 

gamma-ray spectrometers to measure surface dose 

rates on equipment [7]. Suspected contamination 

areas are sampled, and scale or sludge specimens 

are sent to specialized laboratories for detailed 

isotopic analysis. This approach provides valuable 

data on NORM distribution and activity 

concentrations but is inherently reactive rather than 

proactive. By the time contamination is detected 

through periodic surveys, significant accumulation 
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may have already occurred, increasing worker 

exposure during maintenance activities and 

complicating remediation efforts [5]. Manual 

surveys also pose safety risks, as workers must 

access potentially contaminated equipment and 

confined spaces. The spatial coverage of manual 

surveys is often limited by accessibility constraints, 

leaving blind spots in complex facilities with 

extensive piping networks and multiple processing 

units. 

Another limitation of conventional monitoring is 

the lack of integration and data continuity. 

Shrinkage and NORM data are often collected by 

different teams, stored in disparate systems, and 

analyzed independently, hindering holistic 

understanding of operational performance and risk 

profiles [12]. The absence of real-time data streams 

prevents the implementation of automated control 

strategies and limits the effectiveness of predictive 

maintenance programs. In the Niger Delta, where 

many facilities operate with aging instrumentation 

and limited digital infrastructure, these limitations 

are particularly acute, resulting in suboptimal 

operational efficiency and elevated safety and 

environmental risks. 

The economic and operational costs of conventional 

monitoring are also substantial. Manual surveys and 

laboratory analysis require significant labor, 

specialized equipment, and logistical support, 

particularly in remote offshore and onshore 

locations typical of the Niger Delta [3]. Periodic 

shutdowns for comprehensive NORM surveys 

result in production losses and deferred revenue. 

The reactive nature of conventional monitoring 

often leads to unplanned maintenance, emergency 

repairs, and regulatory non-compliance penalties. 

These factors collectively underscore the need for 

more advanced, continuous, and integrated 

monitoring solutions that can overcome the 

limitations of traditional approaches. 

 

5. SMART MONITORING TECHNOLOGIES  

FOR SHRINKAGE AND NORM ASSESSMENT 

 

      The integration of smart monitoring 

technologies represents a transformative shift in 

how the petroleum industry addresses shrinkage 

mitigation and NORM assessment. These 

technologies leverage advances in sensor design, 

wireless communication, data analytics, and 

automation to enable continuous, real-time 

monitoring and predictive decision-making. This 

section examines four key technology domains 

Internet of Things (IoT) sensor networks, artificial 

intelligence (AI) and machine learning, unmanned 

aerial vehicles (UAVs), and digital twin frameworks 

highlighting their capabilities, applications, and 

comparative advantages. 

 

5.1.  Internet of Things Sensor Networks 

 

      IoT sensor networks consist of distributed, 

interconnected sensors that continuously measure 

physical, chemical, and radiological parameters 

across petroleum facilities. For shrinkage 

monitoring, IoT sensors include pressure 

transducers, temperature sensors, flow meters, and 

online gas chromatographs that provide real-time 

data on fluid properties and process conditions [8]. 

These sensors communicate wirelessly via 

protocols such as LoRaWAN, Zigbee, or cellular 

networks, transmitting data to centralized or cloud-

based platforms for analysis and visualization. The 

continuous data streams enable operators to detect 

anomalies, such as unexpected pressure drops or 

temperature excursions, that may indicate flash 

losses or equipment malfunctions. 

For NORM assessment, IoT-enabled radiation 

detectors, including scintillation counters and solid-

state gamma-ray spectrometers, can be permanently 

installed at strategic locations such as separator 

outlets, pipeline junctions, and storage tank inlets 

[10]. These detectors provide continuous 

monitoring of gamma radiation levels, alerting 

operators to increasing NORM accumulation rates 

and enabling proactive maintenance scheduling. 

Wireless connectivity eliminates the need for 

manual surveys in hazardous or hard-to-access 

areas, improving worker safety and data coverage. 

IoT platforms also support integration with other 

operational data, such as production rates and water 

cuts, facilitating correlation analysis and predictive 

modeling. 

The advantages of IoT sensor networks include high 

temporal resolution, scalability, and flexibility. 

However, challenges remain, particularly in the 
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Niger Delta context. Reliable power supply is 

critical for sensor operation, yet many facilities 

experience frequent power outages [12]. Battery-

powered sensors with energy harvesting capabilities 

(e.g., solar panels) offer partial solutions but require 

careful design and maintenance. Wireless 

communication infrastructure may be limited in 

remote areas, necessitating investment in 

telecommunications upgrades or satellite 

connectivity. Cybersecurity is another concern, as 

networked sensors are vulnerable to hacking and 

data breaches, requiring robust encryption and 

access control measures [13]. 

 

5.2.  Artificial Intelligence and Machine Learning 

 

       Artificial intelligence (AI) and machine 

learning (ML) algorithms enhance the value of 

monitoring data by identifying patterns, predicting 

future trends, and optimizing operational decisions. 

For shrinkage mitigation, ML models can be trained 

on historical data to predict shrinkage rates based on 

input variables such as fluid composition, separator 

pressure and temperature, ambient conditions, and 

production rates [9]. These predictive models 

enable operators to adjust process parameters 

proactively, minimizing losses before they occur. 

Anomaly detection algorithms can identify 

deviations from normal operating patterns, 

triggering alerts for investigation and corrective 

action. 

In NORM assessment, AI-driven analytics can 

predict NORM accumulation rates based on 

production history, water chemistry, and scale 

inhibitor effectiveness, supporting optimized 

maintenance scheduling and targeted cleaning 

interventions [10]. Machine learning models can 

also analyze radiometric data to distinguish 

between different isotopes and identify 

contamination sources, enhancing the accuracy of 

risk assessments. Natural language processing 

(NLP) techniques can extract insights from 

maintenance logs, incident reports, and regulatory 

documents, identifying trends and best practices for 

NORM management. 

The implementation of AI and ML requires 

substantial computational resources, high-quality 

training data, and specialized expertise. In the Niger 

Delta, limited access to cloud computing 

infrastructure and data science talent may constrain 

adoption [12]. However, partnerships with 

technology providers and academic institutions can 

facilitate capacity building and knowledge transfer. 

Edge computing, which processes data locally on 

IoT devices rather than in the cloud, offers a 

potential solution for environments with limited 

connectivity, reducing latency and bandwidth 

requirements. 

 

5.3. Unmanned Aerial Vehicles 

 

       Unmanned aerial vehicles (UAVs), commonly 

known as drones, equipped with advanced sensors 

provide rapid, non-invasive inspection capabilities 

for extensive pipeline networks, storage facilities, 

and remote production sites. For shrinkage 

monitoring, UAVs with thermal imaging cameras 

can detect temperature anomalies indicative of 

leaks, venting, or equipment malfunctions that 

contribute to volumetric losses [10]. Multispectral 

and hyperspectral imaging can identify 

hydrocarbon vapor plumes, enabling quantification 

of fugitive emissions and evaporative losses. 

For NORM assessment, UAVs equipped with 

gamma-ray spectrometers can conduct aerial 

radiometric surveys, mapping radiation levels 

across large areas without exposing workers to 

contamination [10]. This capability is particularly 

valuable for surveying pipeline rights-of-way, 

abandoned facilities, and areas affected by illegal 

refining activities in the Niger Delta. UAV-based 

surveys can be conducted more frequently and at 

lower cost than traditional ground-based methods, 

providing timely data for risk assessment and 

remediation planning. 

Regulatory constraints on UAV operations, 

including airspace restrictions and licensing 

requirements, may limit deployment in some 

regions. In the Niger Delta, security concerns 

related to pipeline vandalism and theft necessitate 

careful coordination with local authorities and 

communities. Weather conditions, particularly 

heavy rainfall and high winds common in the 

region, can also affect UAV flight operations and 

data quality. Despite these challenges, UAVs 

represent a powerful tool for enhancing monitoring 
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coverage and reducing operational risks. 

 

5.4.  Digital Twin Technology 

 

      Digital twin technology involves creating 

virtual replicas of physical assets, processes, or 

systems that are continuously updated with real-

time data from IoT sensors and other sources. For 

shrinkage mitigation, digital twins of separation, 

stabilization, and storage systems enable operators 

to simulate different operating scenarios, optimize 

process parameters, and predict the impact of 

changes before implementation [11]. By integrating 

thermodynamic models, equipment performance 

data, and real-time measurements, digital twins 

provide a comprehensive view of shrinkage drivers 

and mitigation opportunities. 

For NORM assessment, digital twins can model 

NORM accumulation dynamics based on 

production data, water chemistry, and scale 

formation kinetics, predicting contamination 

hotspots and optimal cleaning intervals [9]. 

Scenario analysis capabilities support evaluation of 

different NORM management strategies, such as 

chemical treatment regimes or equipment 

replacement options, enabling data-driven decision-

making. Digital twins also facilitate training and 

knowledge transfer, allowing operators to explore 

system behavior in a safe, virtual environment. 

The development and maintenance of digital twins 

require significant investment in software, data 

infrastructure, and technical expertise. High-fidelity 

models depend on accurate input data, including 

detailed equipment specifications, fluid properties, 

and operational histories. In the Niger Delta, where 

data quality and availability may be limited, phased 

implementation starting with critical assets and 

processes may be more feasible than 

comprehensive facility-wide digital twins [12]. 

Collaboration with equipment vendors and 

technology providers can accelerate digital twin 

development and ensure alignment with industry 

best practices. 

 

5.5. Comparative Analysis of Smart Monitoring 

Technologies 

      Table 1 provides a comparative analysis of the 

smart monitoring technologies discussed above, 

highlighting their key capabilities, advantages, 

limitations, and suitability for shrinkage and 

NORM applications in the Niger Delta context. 

 

Table 1. Comparative Analysis of Smart Monitoring Technologies [10, 9, 6, 15] 

Technology Key Capabilities Advantages Limitations Niger Delta 

Suitability 

IoT Sensor 

Networks 

Continuous real-time 

data acquisition; 

wireless 

communication; 

multi-parameter 

monitoring 

High temporal 

resolution; 

scalability; reduced 

manual labor; early 

anomaly detection 

Power supply 

dependency; 

connectivity 

requirements; 

cybersecurity risks; 

sensor calibration and 

maintenance 

Moderate to 

High (with 

infrastructure 

investment) 

AI/Machine 

Learning 

Predictive analytics; 

pattern recognition; 

anomaly detection; 

optimization 

Proactive decision-

making; improved 

accuracy; 

automated 

insights; 

continuous 

learning 

Data quality 

requirements; 

computational 

resources; expertise 

needs; model 

validation 

Moderate 

(requires 

capacity 

building) 

UAVs 

(Drones) 

Rapid aerial 

inspection; 

thermal/radiometric 

Non-invasive; 

worker safety; 

cost-effective for 

Regulatory 

constraints; weather 

sensitivity; flight time 

Moderate (with 

regulatory and 

security 
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imaging; large area 

coverage 

extensive assets; 

frequent surveys 

limitations; security 

concerns 

coordination) 

Digital 

Twins 

Virtual asset 

replication; scenario 

simulation; 

predictive modeling; 

training 

Comprehensive 

system 

understanding; 

risk-free testing; 

optimization; 

knowledge transfer 

High development 

cost; data 

requirements; model 

complexity; 

maintenance effort 

Low to 

Moderate 

(phased 

implementation 

recommended) 

 

The selection and integration of these technologies 

should be guided by specific operational needs, 

resource availability, and risk priorities. A phased 

approach, starting with IoT sensor deployment for 

critical assets, followed by AI-driven analytics and 

UAV surveys, and eventually progressing to digital 

twin development, may be most appropriate for 

Niger Delta operators seeking to modernize 

monitoring capabilities while managing investment 

and technical risks. 

 

6. APPLICATION OF SMART MONITORING 

TECHNOLOGIES IN THE NIGER DELTA 

CONTEXT 

 

       The Niger Delta presents a unique operational 

environment characterized by complex geology, 

aging infrastructure, challenging logistics, and 

socio-political instability. While smart monitoring 

technologies offer substantial benefits for shrinkage 

mitigation and NORM assessment, their successful 

deployment in this context requires careful 

consideration of region-specific barriers and 

enablers. 

Infrastructural deficits represent a primary 

challenge. Reliable electrical power supply is 

essential for operating sensor networks, data 

processing systems, and communication 

infrastructure, yet the Niger Delta experiences 

frequent power outages and voltage fluctuations 

[12]. Many remote production facilities rely on 

diesel generators, which are costly to operate and 

maintain. Solar power systems, increasingly viable 

in tropical climates, offer a potential solution for 

powering distributed IoT sensors and edge 

computing devices, but require upfront investment 

and technical expertise for installation and 

maintenance. Telecommunications infrastructure is 

similarly limited in many areas, with poor cellular 

coverage and limited fiber optic connectivity 

constraining data transmission from remote sites. 

Satellite communication systems provide an 

alternative but at higher cost and with potential 

latency issues for real-time applications. 

Cybersecurity vulnerabilities pose significant risks 

in an increasingly connected operational 

environment. Networked monitoring systems are 

potential targets for cyberattacks, which could 

compromise data integrity, disrupt operations, or 

enable theft of sensitive information [13]. In the 

Niger Delta, where technical capacity for 

cybersecurity management is limited and regulatory 

oversight is inconsistent, operators must implement 

robust security measures including encryption, 

firewalls, intrusion detection systems, and regular 

security audits. Partnerships with specialized 

cybersecurity firms and adoption of industry 

standards such as IEC 62443 can help mitigate these 

risks. 

Socio-political challenges, including pipeline 

vandalism, crude oil theft, and community unrest, 

complicate the deployment and maintenance of 

monitoring equipment. Vandalism of sensors, 

communication infrastructure, and power systems 

can render monitoring networks inoperative and 

result in significant replacement costs [14]. 

Community engagement and benefit-sharing 

arrangements are essential for securing local 

support and protecting infrastructure. Employing 

local personnel for installation, maintenance, and 

monitoring activities can create economic 

opportunities and foster community ownership of 

technology initiatives. Security measures, including 

physical barriers, surveillance systems, and 
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coordination with security agencies, are also 

necessary to protect high-value equipment. 

Regulatory and institutional frameworks in Nigeria 

are evolving but remain inadequate for 

comprehensive smart monitoring adoption. The 

Nigerian Nuclear Regulatory Authority (NNRA) 

provides guidelines for NORM management, but 

enforcement is inconsistent and penalties for non-

compliance are often insufficient to drive 

behavioral change [5]. The Department of 

Petroleum Resources (DPR), now part of the 

Nigerian Upstream Petroleum Regulatory 

Commission (NUPRC), has issued regulations on 

metering and custody transfer, but these do not yet 

mandate advanced monitoring technologies. 

Strengthening regulatory requirements, providing 

incentives for technology adoption, and building 

regulatory capacity for oversight and enforcement 

are critical steps for accelerating smart monitoring 

deployment. 

Capacity building and knowledge transfer are 

essential enablers. The successful operation and 

maintenance of smart monitoring systems require 

skilled personnel with expertise in sensor 

technology, data analytics, cybersecurity, and 

system integration. Nigerian universities and 

technical institutions, including the University of 

Port Harcourt, have begun developing curricula and 

research programs in these areas, but industry-

academia collaboration must be strengthened to 

ensure alignment with operational needs [12]. 

Training programs, workshops, and certification 

schemes can build the technical workforce needed 

to support smart monitoring initiatives. 

International partnerships with technology 

providers and research institutions can facilitate 

knowledge transfer and accelerate learning. 

Despite these challenges, several factors favor 

smart monitoring adoption in the Niger Delta. The 

high economic value of condensate and light crude 

production provides strong financial incentives for 

shrinkage reduction, with potential returns on 

investment achievable within short timeframes [3]. 

Growing awareness of environmental and 

occupational health risks associated with NORM is 

driving demand for improved monitoring and 

management practices. The Nigerian government's 

emphasis on local content development and 

technology transfer creates opportunities for 

domestic firms to participate in smart monitoring 

value chains. Pilot projects and demonstration 

initiatives, supported by operators, technology 

providers, and development partners, can build 

confidence, demonstrate feasibility, and generate 

lessons learned for broader deployment. 

 

7. CONCLUSION 

 

      This review has examined the critical challenges 

of hydrocarbon shrinkage and NORM accumulation 

in condensate and light crude processing in the 

Niger Delta, and the transformative potential of 

smart monitoring technologies to address these 

challenges. Shrinkage, driven by phase transitions, 

flash losses, and evaporative processes, results in 

substantial economic losses and operational 

inefficiencies. NORM accumulation poses 

significant occupational health and environmental 

risks, exacerbated by aging infrastructure and 

inadequate conventional monitoring approaches. 

Traditional methods manual sampling, periodic 

surveys, and laboratory analysis are labor-intensive, 

time-delayed, and insufficient for dynamic 

operational environments. 

Smart monitoring technologies, including IoT 

sensor networks, AI-driven predictive analytics, 

UAVs, and digital twins, offer comprehensive 

solutions for continuous, real-time monitoring and 

proactive decision-making. IoT sensors enable 

high-resolution data acquisition across distributed 

assets, facilitating early detection of anomalies and 

process deviations. AI and machine learning 

enhance predictive capabilities, supporting 

optimization and automated control. UAVs provide 

rapid, non-invasive inspection of extensive 

infrastructure, improving safety and coverage. 

Digital twins enable scenario simulation, risk 

assessment, and knowledge transfer. Comparative 

analysis reveals that each technology offers distinct 

advantages and faces specific limitations, 

suggesting that integrated, multi-technology 

approaches are most effective. 

Application of smart monitoring technologies in the 

Niger Delta context requires addressing significant 

barriers, including infrastructural deficits, power 

supply instability, limited telecommunications 
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connectivity, cybersecurity vulnerabilities, and 

socio-political challenges. Strategic responses 

include investment in renewable energy and 

satellite communication systems, implementation 

of robust cybersecurity measures, community 

engagement and local content development, 

strengthening of regulatory frameworks, and 

capacity building through education and training 

programs. Pilot projects and phased implementation 

strategies can demonstrate feasibility, build 

confidence, and generate lessons learned for 

broader deployment. 

The successful integration of smart monitoring 

technologies in Niger Delta petroleum operations 

promises substantial benefits: reduced shrinkage 

and associated revenue losses, improved NORM 

management and worker safety, enhanced 

operational efficiency and asset integrity, and 

strengthened environmental stewardship. 

Achieving these benefits requires coordinated 

action by operators, technology providers, 

regulators, academic institutions, and local 

communities. Future research should focus on 

developing low-cost, robust sensor technologies 

suitable for harsh environments, advancing AI 

algorithms for petroleum-specific applications, 

establishing industry standards and best practices 

for smart monitoring deployment, and evaluating 

the long-term economic and social impacts of 

technology adoption. With strategic investment and 

collaborative effort, smart monitoring technologies 

can transform condensate and light crude 

processing in the Niger Delta, supporting 

sustainable development and enhanced 

competitiveness in the global energy market. 
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