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Abstract 

 
Energy production infrastructures constitute the backbone of modern economies, yet their 
management faces unprecedented challenges amid geopolitical tensions, decarbonisation 
pressures, and technological disruptions. This article provides a comprehensive review of 
strategies to bolster energy security, improve asset reliability, enhance offshore maintenance 
safety, address human resource issues, and utilize Key Performance Indicators (KPIs) to 
achieve operational excellence. Drawing upon peer-reviewed research, international standards, 
and industry case studies, this synthesis offers actionable insights to guide policymakers and 
energy operators toward safer, more reliable, and sustainable energy systems. 
 

 
I. INTRODUCTION  

The energy sector is under intense transformation, driven by climate policies, digitalization, and 
evolving risk landscapes. According to Sovacool (2016), maintaining energy security while 
reducing carbon emissions requires systemic innovation across infrastructure management, 
workforce capability, and maintenance practices (Sovacool, 2016). This integrated approach 
becomes even more critical as energy assets age: globally, more than 50% of oil and gas 
infrastructure is over 30 years old (Smith et al., 2020). Without robust management, the risks of 
unplanned shutdowns, environmental incidents, and safety breaches increase significantly. 
 
This review addresses five core areas of managing energy infrastructures: 

 Enhancing energy security 

 Improving reliability 

 Offshore safety and maintenance 

 Human factors in operations 

 Maintenance performance KPIs 
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II. ENHANCING ENERGY SECURITY  

A. Diversification Strategies 
Energy security is traditionally defined as the uninterrupted availability of energy at affordable 
prices (Cherp & Jewell, 2014). Recent work emphasizes a broader resilience framework that 
includes: 

 Fuel diversification (renewables, nuclear, natural gas) 

 Infrastructure redundancy 

 Supply chain resilience 
 
For example, Sovacool et al. (2011) examined Southeast Asian energy security and found that 
diversification reduced vulnerability to price shocks and natural disasters (Sovacool et al., 2011). 
 
B. Digital Infrastructure and Smart Grids 
Advanced metering infrastructure and digital twins improve energy resilience. Liu et al. (2012) 
highlight that smart grids reduce outage durations and improve supply stability by 30–40% (Liu 
et al., 2012). These systems enable: 

 Real-time load balancing 

 Automated fault isolation 

 Predictive maintenance of critical assets 
 
 
III. IMPROVING ENERGY ASSET RELIABILITY  
A. Reliability-Centered Maintenance 
Reliability-Centered Maintenance (RCM) remains the most widely researched approach to 
improving asset uptime. Moubray’s foundational work established the principles of RCM, 
emphasizing failure modes, functional importance, and risk consequences (Moubray, 1997). A 
meta-analysis by Jardine et al. (2006) showed that predictive maintenance reduced unplanned 
failures by 35–45% compared to time-based methods (Jardine et al., 2006). 
RCM implementation steps include: 

 Functional analysis 

 Failure Modes and Effects Analysis (FMEA) 

 Maintenance strategy optimization 
 
B. Condition-Based and Predictive Maintenance 
Predictive maintenance (PdM) employs real-time monitoring to detect early signs of 
degradation. Research by Lee et al. (2014) demonstrated that integrating PdM with big data 
analytics achieved a 25% reduction in maintenance costs and extended asset lifespans by 20% 
(Lee et al., 2014). Table 1 summarizes the main maintenance strategies, their descriptions, 
benefits. Common methods: 

 Vibration analysis for rotating machinery 

 Ultrasonic testing of pipelines 
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 Oil debris analysis for gearboxes 
 

Table 1:  Comparison of Maintenance Strategies in Energy Production Infrastructures Adapted 
from Moubray (1997); Jardine et al. (2006); Khan et al. (2004); Lee et al. (2014); Roda et al. (2014). 

Strategy Description Key Benefits 
Representative 

References 

Reactive 
Maintenance 

Repairs performed after 
equipment fails 

Low upfront cost; 
simple to 

implement 

Moubray (1997); Jardine 
et al. (2006) 

Preventive 
Maintenance 

Time-based interventions 
to reduce failure 

probability 

Reduces failure 
rates; improves 

safety 

Jardine et al. (2006); 
Muchiri et al. (2011) 

Condition-Based 
Maintenance 

Uses real-time monitoring 
(vibration, thermography) 
to schedule maintenance 

when degradation 
indicators exceed 

thresholds 

Reduces 
unnecessary 

interventions; 
optimizes costs 

Lee et al. (2014); Khan et 
al. (2004) 

Predictive 
Maintenance 

Advanced analytics and 
machine learning to 

predict failures before they 
occur 

Extends asset life; 
minimizes 
unplanned 
downtime 

Lee et al. (2014); Roda et 
al. (2014) 

Risk-Based 
Maintenance 

Prioritizes maintenance 
based on probability and 

consequence of failure 
(RBI) 

Focuses resources 
on critical 

components; 
improves risk 
management 

Khan et al. (2004); Flin & 
O’Connor (2001) 

Prescriptive 
Maintenance 

Uses AI to recommend 
optimal maintenance 
actions and schedules 

Maximizes 
reliability; 

integrates with 
digital twins and 
decision support 

tools 

Lee et al. (2014); Gonzalez 
et al. (2017) 

 
Figure 1 shows the Integrated framework combining Reliability-Centered Maintenance (RCM), 
Condition-Based Maintenance (CBM), and Predictive Maintenance (PdM). The model illustrates 
how criticality assessment informs the choice of strategy, and how digital monitoring and 
analytics drive continuous improvement. 
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Figure 1: RCM/CBM/CBM+ relationship. 

 
 
IV. OFFSHORE SAFETY AND MAINTENANCE STRATEGIES 
A. Risk-Based Inspection and Integrity Management 
Offshore facilities pose unique challenges due to harsh environments and remoteness. Risk-
Based Inspection (RBI) has emerged as a standard methodology, integrating probability and 
consequence assessments. A comprehensive review by Khan et al. (2004) highlights that RBI can 
reduce inspection costs by 20–40% while maintaining safety compliance (Khan et al., 2004). 
Best practices include: 

 API 580 and 581 standards for RBI implementation 

 Integration with Computerized Maintenance Management Systems (CMMS) 

 Digital twin models for continuous integrity verification 
 
B. Human Factors and Organizational Resilience 
Safety culture significantly affects offshore performance. Flin and O’Connor (2001) found that 
leadership commitment and worker participation directly correlate with lower incident rates 
(Flin & O’Connor, 2001). 
Notable strategies: 

 Permit-to-work systems 

 Barrier management (e.g., BowTie analysis) 

 Emergency preparedness training 
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V. HUMAN RESOURCE IMPACT AND WORKFORCE SAFETY 

A. Competency Management and Continuous Learning 
Competence gaps are recognized contributors to major accidents. Kirwan (1998) underscores 
that skill decay and inadequate training are persistent threats in high-hazard industries 
(Kirwan, 1998). Consequently, organizations invest in: 

 Simulation-based training (VR, AR) 

 Competency matrices linked to job roles 

 Fatigue management systems 
 
A recent study by Reiman and Pietikäinen (2010) in nuclear power found that competence 
management systems improved procedural adherence and reduced human error (Reiman & 
Pietikäinen, 2010). 
 
B. Psychological Safety and Well-being 
Mental health challenges impact productivity and safety. Roberts and Bea (2001) demonstrated 
that psychological safety is critical in complex socio-technical systems like offshore oil platforms 
(Roberts & Bea, 2001). Programs addressing stress, isolation, and burnout are increasingly 
integrated into safety management systems. 
 
 
VI. MAINTENANCE PERFORMANCE AND KEY PERFORMANCE INDICATORS  
A. KPI Frameworks and International Standards 
KPIs enable evidence-based decision-making. The European Federation of National 
Maintenance Societies (EFNMS) and the Society for Maintenance and Reliability Professionals 
(SMRP) recommend standard KPIs such as: 

 Mean Time Between Failures (MTBF) 

 Mean Time to Repair (MTTR) 

 Overall Equipment Effectiveness (OEE) 

 Planned Maintenance Percentage (PMP) 
 
Muchiri et al. (2011) conducted a systematic review confirming that effective KPI tracking 
improves maintenance performance and supports continuous improvement initiatives (Muchiri 
et al., 2011). Table 2 provides an overview of the most commonly used KPIs, definitions, 
benchmark values. 
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Table 2: Key Performance Indicators (KPIs) for Maintenance Performance Summarized from 

Muchiri et al. (2011); Roda et al. (2014); Moubray (1997); SMRP Best Practices. 

KPI Definition Purpose 
Benchmark Values 

(Typical) 
References 

Mean Time 
Between 

Failures (MTBF) 

Average time 
between inherent 

failures of an asset 

Measures 
reliability 

>1,000 hours for 
critical rotating 

equipment 

Muchiri et al. 
(2011); Roda et al. 

(2014) 

Mean Time to 
Repair (MTTR) 

Average time 
required to repair a 
failed component 

Measures 
maintainability 

<8 hours for critical 
production 
equipment 

Muchiri et al. 
(2011); Roda et al. 

(2014) 

Overall 
Equipment 

Effectiveness 
(OEE) 

Composite metric = 
Availability × 
Performance × 

Quality 

Measures 
utilization and 

efficiency 

>85% for best-in-
class operations 

Muchiri et al. 
(2011) 

Planned 
Maintenance 
Percentage 

(PMP) 

Ratio of planned 
maintenance hours to 

total maintenance 
hours 

Indicates 
proactive 

maintenance 
maturity 

>75% in mature 
organizations 

Muchiri et al. 
(2011); Moubray 

(1997) 

Maintenance 
Cost as % of 
Replacement 
Asset Value 

(RAV) 

Annual maintenance 
expenditure relative 

to the asset’s 
replacement value 

Measures cost-
effectiveness 

2–3% for well-
managed assets 

Roda et al. (2014) 

Schedule 
Compliance 

% of maintenance 
tasks completed as 

scheduled 

Reflects 
planning and 

execution 
discipline 

>90% compliance 
SMRP Best 

Practices; Muchiri 
et al. (2011) 

 
B. Benchmarking and Continuous Improvement 
Benchmarking against industry peers enables gap identification and best practice transfer. 
Benchmarking studies in the oil and gas sector have shown that top-quartile performers achieve 
50% fewer unplanned shutdowns and 30% lower maintenance costs (Roda et al., 2014). 
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Figure 2:  Hierarchy of KPIs and KPPs 

 
Proposes a descending hierarchy, in which global KPIs will decompose and adapt to different 
lower hierarchical levels that follow. However, the concept of KPIs and KPP used by the author 
enhances the role of production leaded to corporate objective, while maintenance function is 
condemned to an area relegated to the first one, so that one can have indicators of first and 
second category. Indicators used by higher levels are simply mixed with information of 
collateral departments like finances, human resources, health & safety, etc. 

 
 
VII. EMERGING TRENDS AND FUTURE DIRECTIONS 
A. Robotics and Autonomous Systems 
Robotics are increasingly deployed for inspection and maintenance, reducing human exposure. 
Research by Gonzalez et al. (2017) highlights that unmanned aerial vehicles (UAVs) improve 
inspection efficiency and data quality (Gonzalez et al., 2017). 
Applications include: 

 Flare stack inspections 

 Confined space surveys 

 Subsea pipeline monitoring 
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B. ESG Integration in Maintenance Strategies 
Environmental, Social, and Governance (ESG) factors are reshaping maintenance priorities. 
Companies embed sustainability metrics into asset management plans, addressing emissions, 
waste reduction, and community impacts (Klewitz & Hansen, 2014) (Klewitz & Hansen, 2014). 

 
 

VIII. CONCLUSION 
Energy production infrastructures are central to societal well-being and economic prosperity. 
To meet the challenges of decarbonization, geopolitical volatility, and technological disruption, 
asset managers must integrate evidence-based maintenance practices, advanced analytics, 
robust safety cultures, and sustainable operational strategies. The peer-reviewed research 
summarized here underscores that success lies in systemic approaches combining technological 
innovation, human factors management, and performance measurement. 
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