
8.1.1 Introduction to 
Maintenance Optimization
Welcome to this comprehensive guide on maintenance  optimization in 
industrial systems. This presentation explores the  critical role of
maintenance in ensuring safety, availability, and cost-effectiveness. We'll 
examine different maintenance strategies and how they contribute to 
operational excellence.
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The Critical Role of Maintenance in Industrial Systems
Maintenance serves as the backbone of industrial operations, directly influencing three critical factors:

Safety

Properly maintained equipment 
prevents accidents, protects personnel, 
and ensures compliance with 
regulatory standards. Well-executed 
maintenance programs can reduce 
workplace incidents by up to 70%.

Availability

Optimized maintenance maximizes 
operational uptime. Studies indicate 
that strategic maintenance can improve 
equipment availability by 15-25% over 
reactive approaches.

Cost-Effectiveness

Though maintenance requires 
investment, it prevents costly 
unplanned downtime. Maintenance 
optimization typically delivers a 3:1 to 
5:1 return on investment through 
avoided production losses.

Case Example: In a typical petroleum refinery, a single critical pump failure can halt an entire production line, resulting in losses exceeding $100,000 per hour. Proper 
maintenance of such critical equipment prevents cascading failures throughout interconnected systems.



Definitions and 
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The Standard Definition of 
Maintenance
According to the NF-EN-13306 standard, maintenance encompasses a 
broad scope of activities:

<All technical, administrative and management actions during the life 
cycle of an asset, intended to maintain it in, or restore it to, a state in 
which it can perform its required function.î



Main Categories of Maintenance

Corrective Maintenance
Performed after a failure has occurred to 
restore functionality

Characteristics:

Reactive approach

Often more costly

Results in unplanned downtime

Sometimes unavoidable for non-critical 
components

Preventive Maintenance
Scheduled interventions to prevent or delay 
failures

Characteristics:

Proactive approach

Based on time, usage, or condition

Planned downtime with minimal disruption

Higher initial investment, lower long-term 
costs

Condition-Based Maintenance
Monitors equipment condition to determine 
maintenance needs

Characteristics:

Data-driven approach

Utilizes sensors and monitoring systems

Targets maintenance only when needed

Requires sophisticated diagnostic 
capabilities

Beyond these primary categories, maintenance strategies often incorporate mixed approaches based on equipment criticality, risk assessments, and resource 
availability. The selection of appropriate maintenance types significantly impacts operational efficiency and cost structures.



Corrective Maintenance in Practice

Railway Example: When a TGV train door motor breaks down, blocking passenger access, technicians must replace the entire motor to restore functionality. This 
reactive approach leads to significant service disruptions but is sometimes unavoidable for unexpected failures that occur suddenly and require immediate 
intervention to get the equipment back in working order.

Key Aspects of Corrective Maintenance

Documentati
onExecutionIntervention 

Planning
Failure 

Identification

Although corrective maintenance is generally less desirable than preventive approaches due to its often higher costs and the disruptions it causes, it remains 
indispensable for certain components where the cost of systematic prevention exceeds that of repair after failure. For example, in chemical plants, repairing a leaking 
safety valve after detection is an example of a necessary corrective action that addresses safety concerns while balancing resource allocation. It is also unavoidable for 
unforeseen failures of non-critical equipment.



Preventive Maintenance Strategies
Time-Based Maintenance

Scheduled according to calendar time or operating hours, 
regardless of equipment condition.

Aerospace Example: Turbine blades in aircraft engines are 
replaced after a defined number of flight hours, even if they 
appear to be in good condition. This conservative approach 
prioritizes safety in critical applications where failure 
consequences are severe.

Usage-Based Maintenance

Triggered by operational metrics such as cycles, production 
units, or distance traveled.

Automotive Example: Regular oil changes every 5,000-
10,000 miles prevent engine wear and extend vehicle 
lifespan. This widely adopted preventive measure 
significantly reduces the probability of catastrophic engine 
failure and costly repairs.

Preventive maintenance provides several advantages over corrective approaches, including reduced emergency repair costs, 
decreased downtime, extended equipment life, and improved operational reliability. However, it can result in unnecessary 
maintenance actions when components still have remaining useful life, leading to inefficiencies that condition-based 
approaches aim to address.



Condition-Based Maintenance (CBM)
Condition-Based Maintenance (CBM) is a proactive strategy that monitors the actual condition of equipment to determine when maintenance 
is needed. This approach moves beyond fixed schedules by leveraging real-time data to optimize maintenance interventions.

Key Characteristics of CBM
Data-driven approach: Decisions are based on real-time and historical performance data.

Utilizes sensors and monitoring systems: Employs technologies like vibration analysis, thermography, and oil analysis.

Targets maintenance only when needed: Minimizes unnecessary interventions, reducing costs and extending asset life.

Requires sophisticated diagnostic capabilities: Needs specialized tools and skilled personnel for data interpretation.

Industrial Example: In a manufacturing plant, a critical conveyor belt motor is equipped with vibration sensors. Instead of performing routine overhauls every year, technicians 
monitor the vibration data. When data indicates an anomaly, such as increased bearing noise, maintenance is scheduled immediately to replace the specific component before a 
breakdown occurs. This prevents unplanned downtime and maximizes the operational lifespan of the motor.

CBM offers significant advantages by extending equipment lifespan, reducing maintenance costs, and preventing costly unplanned downtime. However, its implementation requires 
an initial investment in monitoring technology and training, making it most suitable for critical assets where the cost of failure is high.
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Maintenance Strategies: A Maturity Path
Maintenance strategies evolve alongside system complexity and digital maturity, following a clear progression path that enables 
organizations to move from reactive approaches to increasingly sophisticated proactive methodologies. This evolution represents not just 
technological advancement but a fundamental shift in how reliability professionals approach asset management and system performance 
optimization.

This journey towards maintenance maturity is primarily driven by the increasing availability of data, advancements in sensor technology, and 
the development of powerful analytical tools. Organizations are recognizing that by leveraging these capabilities, they can move beyond 
traditional "fix-it-when-it-breaks" models to more intelligent, data-driven approaches that anticipate problems before they occur.

The maturity path typically begins with basic reactive and scheduled preventive maintenance, progressing through more advanced stages 
such as descriptive, diagnostic, predictive, and ultimately prescriptive maintenance. Each step on this path signifies a greater level of insight, 
automation, and control over asset health and operational efficiency.

Adopting a higher level of maintenance maturity offers significant benefits, including substantial reductions in unplanned downtime, 
optimized maintenance costs, extended asset lifespan, and enhanced safety for personnel. It also enables better long-term strategic 
planning for asset management, allowing businesses to make more informed decisions about capital investments and operational 
improvements.



Descriptive Maintenance
Core Question: What happened?

Objective: Document past events and extract meaningful insights 
from historical data to inform future operations.

Implementation Methods:

Maintenance logs and work order systems

Equipment history documentation

Basic KPI tracking and reporting

Incident investigation procedures

Advantages:

Relatively simple to implement with minimal technology 
requirements

Supports regulatory compliance and traceability

Provides foundation for more advanced strategies

Captures tribal knowledge in standardized formats

Limitations:

Inherently reactive approach to maintenance

Cannot anticipate or prevent future failures

Often relies on manual data collection processes

May lack standardization across different assets or systems



Diagnostic Maintenance
Core Question: Why did it happen?

Objective: Analyze underlying causes using failure modes, historical 
context, and systematic investigation to prevent recurrence.

Implementation Methods:

Root Cause Analysis (RCA) methodologies

Failure Mode and Effects Analysis (FMEA)

Ishikawa (fishbone) diagrams

5-Why analysis techniques

Pareto analysis for prioritization

Advantages:

Develops deep understanding of failure mechanisms

Supports continuous improvement initiatives

Identifies systemic issues beyond symptoms

Creates knowledge base for engineering modifications

Limitations:

Requires specialized expertise and training

Time-intensive investigative processes

May not prevent first occurrence of failures

Can become subjective without structured methodologies

Both descriptive and diagnostic maintenance form the foundation of any mature maintenance program, providing the historical context and causal 
understanding necessary for more advanced predictive and prescriptive approaches. Organizations must excel at these fundamentals before 
progressing further in their maintenance maturity journey.



Predictive Maintenance
Core Question: What will happen? When?

Objective: Leverage data from sensors, historical records, and analytics to anticipate potential failures before they occur, enabling proactive intervention.

Statistical Models
Weibull distribution analysis for failure probability

Cox proportional hazards models

Monte Carlo simulations for reliability prediction

Bayesian networks for probabilistic forecasting

Degradation Models
Wiener process models for continuous degradation

Gamma process models for monotonic degradation

Paris-Erdogan models for crack propagation

Markov models for state transitions

AI/ML Techniques
Remaining Useful Life (RUL) estimation algorithms

Anomaly detection using unsupervised learning

Time series forecasting with LSTM networks

Pattern recognition in operational data

Ensemble methods for robust predictions

Advantages

Optimized scheduling of maintenance interventions based on actual asset condition

Significant reduction in unplanned downtime (typically 30-50%)

Elimination of unnecessary preventive maintenance activities

Extended asset lifecycle through timely interventions

Improved spare parts inventory management

Enhanced resource allocation and maintenance planning

Limitations

Requires substantial investment in sensor infrastructure and connectivity

Depends on high-quality, consistent historical data

Models can be challenging to validate in dynamic operating environments

May require specialized data science expertise

Integration with existing CMMS/EAM systems can be complex

Model drift requires ongoing monitoring and recalibration

Predictive maintenance represents a significant advancement over traditional time-based or reactive approaches, enabling maintenance to be performed based on the actual condition of 
equipment rather than arbitrary schedules. The implementation typically yields a 10-30% reduction in maintenance costs while improving equipment reliability and availability. Organizations 
implementing predictive maintenance must develop not only the technical infrastructure but also the processes and organizational capabilities to act effectively on predictive insights.



Prescriptive Maintenance
Core Question: How can we control or avoid the event?

Objective: Automatically recommend or implement optimal maintenance actions by determining when, how, and what to maintain based on comprehensive 
system understanding and advanced analytics.

Real-time Decision Engines
Algorithmic systems that continuously evaluate 
equipment condition against operational 
constraints, economic factors, and business 
priorities to generate optimal maintenance 
decisions without human intervention.

Reinforcement Learning
AI systems that learn optimal maintenance 
policies through simulated and real-world 
experience, continuously improving their 
recommendations based on observed 
outcomes and changing conditions.

Digital Twins
Virtual replicas of physical assets that simulate 
behavior under various conditions, enabling 
scenario testing and optimization of 
maintenance strategies before implementation 
on actual equipment.

Prescriptive maintenance represents the pinnacle of maintenance maturity, where systems not only predict failures but automatically determine and 
sometimes implement the optimal response. Organizations achieving this level typically realize 40-50% reductions in maintenance costs while simultaneously 
improving reliability, safety, and asset performance. This approach transforms maintenance from a cost center to a strategic function that directly contributes 
to operational excellence and competitive advantage.
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Life Cycle Cost (LCC) and Maintenance in Asset 
Management
Maintenance strategies directly impact the total cost of ownership across an asset's entire life cycle. For engineers and asset 
managers seeking cost optimization, understanding these relationships is essential to making informed decisions that balance 
short-term operational expenses against long-term financial performance.

Maintenance is not just an operational requirement 4 it is a strategic lever.
Indeed, maintenance should be considered not merely as a routine task, but as a key driver of financial and operational 
performance throughout the asset¾s life cycle 4 from acquisition, through daily operations, all the way to end-of-life.
Well-planned maintenance can extend asset lifespan, reduce total cost of ownership, and minimize risks related to 
downtime, safety, and compliance. Conversely, poor maintenance decisions can lead to hidden costs and value loss over time.



What is Life Cycle Cost?
Life Cycle Cost (LCC) represents the total cost of ownership from an asset's 
"cradle to grave" 3 encompassing all expenditures throughout its useful life. 
This comprehensive approach reveals that maintenance is not merely an 
operational necessity but a major cost driver that influences financial 
performance across multiple dimensions.

Understanding LCC enables engineers and asset managers to make 
decisions based on long-term value rather than short-term savings, 
potentially reducing total ownership costs by 20-40% compared to 
acquisition-focused approaches.

Core Components of LCC

CAPEX (Capital Expenditure)

Initial investment costs including design, engineering, procurement, 
installation, and commissioning of assets.

OPEX (Operational Expenditure)

Ongoing costs including energy consumption, maintenance labor, 
spare parts, consumables, and downtime impacts.

End-of-Life

Decommissioning, disposal, environmental remediation, and potential 
salvage value considerations.



LCC Breakdown & Cost Influence
For most industrial assets, the visible purchase price represents less than 20% of the total life cycle cost. The 
remainder is dominated by operational and maintenance expenses that accumulate throughout the asset's service 
life.

Here¾s a visualization from a 2023 study showing the life cycle cost breakdown of an industrial pumping system, 
with clear segment labels:

Initial cost: ~10%

Energy (Operating) cost: ~40%

Maintenance cost: ~25%

Other costs (operations, installation, environment, downtime): ~25%
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Hidden Costs Often Overlooked

Failure Costs

Safety incidents and injuries

Environmental remediation

Regulatory penalties

Product quality impacts

Opportunity Costs

Production losses during downtime

Customer satisfaction degradation

Market share erosion

Delayed innovation opportunities

These costs, while difficult to quantify precisely, often exceed direct 
maintenance expenditures by a factor of 3-5x, making their management 
critical to financial performance.

https://www.pumps.org/pump-pros-know-lifecycle-cost-analysis/?utm_source=chatgpt.com


Maintenance Impact on LCC
The Dual Role of Maintenance in Cost Management

Maintenance strategies create a complex balancing act within the LCC equation. While maintenance activities themselves represent direct costs 
(labor, parts, tools), they simultaneously serve as investments that can substantially reduce other cost categories when properly implemented.

The challenge for asset managers lies in determining the optimal maintenance investment level that minimizes total life cycle cost rather than simply 
reducing maintenance expenses in isolation.

Primary Cost Impacts of Maintenance:

Direct Costs
Labor hours, spare parts, consumables, 
diagnostic equipment, contractor services

Risk Reduction
Minimized unplanned failures, decreased 
safety incidents, reduced environmental 
events

Performance Enhancement
Improved reliability, increased asset 
availability, extended useful life, energy 
efficiency



Maintenance Strategies & LCC Impact
Comparing Maintenance Approaches Through an LCC Lens

Different maintenance strategies create distinctly different cost profiles across the asset life cycle. While reactive approaches may appear less expensive in the short 
term, they typically result in significantly higher total life cycle costs compared to more sophisticated preventive or predictive strategies.

Run-to-Failure
LCC Impact: Lowest initial investment but highest 
total cost due to unexpected failures, emergency 
repair premiums, and shortened asset life

Best Application: Non-critical assets with minimal 
failure consequences and low replacement costs

Cost Profile: Unpredictable spikes, difficult to 
budget accurately

Preventive Maintenance
LCC Impact: Moderate planned investment with 
substantial reduction in failure costs and life 
extension benefits

Best Application: Assets with predictable wear 
patterns and moderate criticality

Cost Profile: Consistent planned expenditures 
with occasional unplanned costs

Predictive Maintenance
LCC Impact: Higher technology investment but 
lowest total LCC through optimized intervention 
timing and maximum asset life

Best Application: Critical assets with high failure 
consequences and complex degradation patterns

Cost Profile: Higher upfront technology costs 
with minimal unexpected expenditures

The optimal maintenance strategy is not universal but depends on specific asset characteristics, operational context, and organizational objectives. A portfolio approach 
that applies different strategies to different asset classes often yields the best overall LCC performance.



Quality of Maintenance Actions



Quality of Maintenance Interventions

Perfect Maintenance
Complete restoration that returns the system to "as good as new" condition

All worn components replaced with new parts

System age effectively reset to zero

Failure rate returns to that of new equipment

Typically more expensive and time-consuming

Example: Replacing a faulty electrical transformer with a new unit completely 
restores functionality and reliability

Imperfect Maintenance
Partial restoration that leaves some level of wear or degradation in the system

Component condition improves but remains below "as new" state

System age effectively reduced but not reset to zero

Failure rate decreases but remains higher than new equipment

Typically less expensive and faster to implement

Example: Adding lubricant to a hydraulic press reduces wear but doesn't 
eliminate existing component degradation

The distinction between perfect and imperfect maintenance has significant implications for reliability modeling and maintenance planning. Understanding where a 
particular maintenance action falls on this spectrum allows engineers to more accurately predict future failure patterns and optimize maintenance intervals. Most real-
world maintenance actions fall somewhere between these two extremes, with varying degrees of effectiveness based on the specific intervention performed.



Imperfect Maintenance: Implications and Applications
Despite its limitations, imperfect maintenance plays a crucial role in maintenance optimization. It offers a cost-effective intermediate solution between expensive 
complete overhauls and minimal interventions, making it particularly valuable for non-critical systems or when budget constraints exist.

Mathematical Representation
In reliability engineering, imperfect maintenance is often modeled using an improvement factor (³) that ranges from 0 to 1:

V  =eff V  ×actual (1 2 ³)

Where Veff is the effective age after maintenance, Vactual is the actual age before maintenance, and ³ represents the maintenance effectiveness (³=0 for minimal 
effect, ³=1 for perfect restoration).

Cleaning Operations
Removing debris from machinery improves 
performance but doesn't address underlying 
wear patterns

Partial Repairs
Fixing only the most damaged components 
while leaving others with remaining 
degradation

Adjustment Procedures
Realigning or recalibrating equipment to 
compensate for wear without replacing 
components

The challenge for maintenance engineers lies in accurately estimating the improvement factor for various maintenance actions to properly schedule subsequent 
interventions.
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Balancing Maintenance Strategies for Optimal Results

Effective maintenance optimization requires balancing these often-competing factors to develop a tailored strategy that maximizes reliability while minimizing costs. The 
most successful maintenance programs employ a mix of approaches4corrective, preventive, and condition-based4applied selectively based on comprehensive 
analysis of each asset's specific characteristics and operational context.

Technical Factors
Equipment criticality assessment

Failure mode identification

Mean time between failures (MTBF)

System redundancy

Maintenance task complexity

Economic Factors
Maintenance costs vs. failure costs

Production loss valuation

Resource availability

Inventory carrying costs

Lifecycle cost analysis

Risk Factors
Safety implications

Environmental impact

Regulatory compliance

Reputation damage

Failure consequence severity

Operational Factors
Production schedule constraints

System interdependencies

Availability requirements

Maintenance window opportunities

Resource scheduling



Maintenance Optimization Methodologies
Reliability-Centered Maintenance (RCM)

A structured approach that identifies the most 
appropriate maintenance strategy for each failure 
mode based on safety, operational, and economic 
priorities. RCM asks seven key questions:

What are the functions?1.

How can they fail?2.

What causes the failures?3.

What happens when failures occur?4.

What are the consequences?5.

What can prevent/predict failures?6.

What if no preventive task is suitable?7.

Total Productive Maintenance (TPM)

A holistic approach that emphasizes operator 
involvement in routine maintenance tasks and 
continuous improvement. TPM focuses on 
eliminating the "six big losses":

Equipment failures1.

Setup and adjustment time2.

Idling and minor stoppages3.

Reduced speed4.

Process defects5.

Reduced yield6.

TPM implementation typically improves Overall 
Equipment Effectiveness (OEE) by 10-40%.

Risk-Based Maintenance (RBM)

A methodology that allocates maintenance resources 
based on the risk level associated with equipment 
failure. The risk assessment incorporates:

Probability of failure

Consequence severity

Risk exposure calculation

Prioritization matrix

Cost-benefit analysis

RBM is particularly valuable in industries with high-
consequence failures such as oil and gas, power 
generation, and chemical processing.

These methodologies are not mutually exclusive4many organizations implement hybrid approaches that leverage the strengths of each framework while adapting to 
their specific operational context and constraints.
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The Maintenance Optimization Process

Phase 1: Modeling and 
Formulation
Building models to describe and predict 
component degradation and failures. 
This involves analyzing historical data, 
sensor readings, and operational 
parameters to forecast potential issues.

Phase 2: Developing Adapted 
Maintenance Strategies
Developing decision rules for which 
maintenance action to take and when to 
intervene, while respecting technical and 
economic constraints. This phase 
translates insights from modeling into 
actionable plans.

Phase 3: Evaluation and 
Optimization
Assessing maintenance plans with 
performance criteria such as cost, 
availability, safety, and energy efficiency. 
This iterative process refines strategies 
for continuous improvement.

This structured, phased approach ensures that maintenance efforts are not only reactive but are proactively designed to extend asset life, 
minimize downtime, and reduce operational costs, leading to a more resilient and efficient industrial operation.


