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Abstract – This study aims to analyze the effectiveness of maintenance management systems from the 
perspectives of Reliability, Maintainability, and Sustainability (RMS) in modern industrial systems. A quantitative 
descriptive-analytical approach was employed using data from ten production units, including key performance 
indicators such as MTBF, MTTR, availability, OEE, maintenance cost, and energy consumption. The findings 
indicate that higher reliability and maintainability significantly contribute to improved system availability and 
operational performance. In addition, effective maintenance strategies are associated with reduced downtime, 
lower maintenance costs, and improved energy efficiency, highlighting the importance of integrating 
sustainability into maintenance management. However, the study also reveals limitations in the implementation 
of predictive and condition-based maintenance, as well as insufficient integration of data systems such as CMMS 
and energy monitoring. This research contributes by providing an integrated RMS-based evaluation framework 
that supports data-driven decision-making in maintenance management. 
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1    Introduction 

The rapid advancement of modern industrial systems 
has led to increasing complexity in asset management, 
requiring organizations to focus not only on productivity 
but also on reliability, maintenance efficiency, and 
operational sustainability. In this context, maintenance 
management systems have become a strategic 
component in ensuring operational continuity and 
minimizing production disruptions. One of the primary 
challenges faced by industries today is the increasing 
frequency of system failures due to technological 
complexity and high demands for cost efficiency. 
Consequently, traditional reactive maintenance 
approaches are no longer sufficient. A more 
comprehensive framework is required to integrate 
multiple dimensions of system performance 
simultaneously. The concept of Reliability, 
Maintainability, and Sustainability (RMS) has emerged as 
a theoretical framework that addresses this need by 
combining technical and sustainability dimensions into a 

unified evaluation system [1][2][3][4]. 
Reliability refers to the ability of a system to perform 

its intended function without failure over a specified 
period under given conditions, directly influencing 
productivity and operational efficiency. Maintainability, 
on the other hand, relates to the ease and speed with 
which a system can be restored to operational condition 
following a failure, thereby affecting downtime and 
maintenance costs. Together, these two aspects 
determine system availability, which is a key indicator in 
evaluating industrial asset performance. Mathematically, 
availability can be expressed as: 

 
𝐴 =  𝑀𝑇𝐵𝐹(𝑀𝑇𝐵𝐹 +  𝑀𝑇𝑇𝑅)                                 (1) 
 
Where MTBF (Mean Time Between Failures) 

represents the average time between failures, and MTTR 
(Mean Time To Repair) represents the average repair 
time. These parameters form the foundation of Reliability 
Engineering approaches in assessing system performance 
[5][6]. 
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With the growing emphasis on environmental 
concerns and energy efficiency, sustainability has become 
an integral dimension of maintenance management. In 
this context, sustainability encompasses not only 
environmental considerations but also efficient resource 
utilization and life-cycle cost optimization. Integrating 
sustainability into maintenance systems enables 
organizations to reduce energy consumption, extend 
asset lifespan, and minimize long-term operational costs. 
Studies have shown that data-driven maintenance 
strategies such as predictive maintenance and condition-
based maintenance significantly improve energy 
efficiency while reducing life-cycle costs [7][8][9]. 
Therefore, sustainability complements reliability and 
maintainability within the RMS framework, orming a 
more holistic approach to asset management. 

In practice, the effectiveness of maintenance 
management systems is commonly measured using Key 
Performance Indicators (KPIs). Metrics such as MTBF, 
MTTR, availability, and Overall Equipment Effectiveness 
(OEE) are widely used to quantify system performance. 
OEE can be formulated as: 

OEE =  Availability ×  Performance ×  Quality       (2) 

 

Which reflects the overall effectiveness of equipment 
in a production process. However, the reliability of KPI-
based evaluation depends heavily on data quality. 
Systems such as Computerized Maintenance 
Management Systems (CMMS) and Enterprise Asset 
Management (EAM) play a critical role in collecting, 
managing, and analyzing maintenance data. High-quality 
data enables accurate asset performance analysis and 
effective identification of critical components requiring 
maintenance intervention [10][4]. 

Reliability Engineering provides a systematic analytical 
framework for evaluating and optimizing maintenance 
systems. This approach involves the use of probabilistic 
and statistical models to analyze failure behavior and 
design optimal maintenance strategies. One widely used 
method is stochastic Petri nets (SPN), which can model 
system behavior dynamically and generate probability 
distributions for parameters such as MTBF and MTTR. 
Additionally, simulation techniques such as Monte Carlo 
methods are employed to evaluate various operational 
scenarios and maintenance strategies. These approaches 
support data-driven decision-making in industrial asset 
management [5][11]. 

The implementation of modern maintenance 
strategies, including preventive maintenance (PM), 
predictive maintenance (PdM), and condition-based 
maintenance (CBM), has been shown to significantly 
enhance system performance. Preventive maintenance 
focuses on scheduled interventions to prevent failures, 
whereas predictive and condition-based maintenance 
utilize sensor data and analytics to anticipate failures 
before they occur. The integration of these strategies 

reduces downtime, improves system availability, and 
optimizes maintenance costs. Furthermore, analytical 
tools such as Pareto analysis enable organizations to 
identify critical factors contributing to system failures, 
allowing for more focused and effective improvement 
efforts [3][11][12]. 

Despite extensive research on reliability and 
maintainability, the integration of sustainability into 
maintenance performance evaluation remains limited. 
Most studies still emphasize technical performance 
improvement without systematically addressing long-
term environmental impacts and energy efficiency. 
Additionally, there is a lack of comprehensive evaluation 
models that integrate the three RMS dimensions into a 
unified, data-driven analytical framework. This gap 
highlights the need for developing a more holistic and 
adaptive model that aligns with the demands of modern 
industrial systems [4][10][7]. 

Based on the aforementioned background, this study 
aims to analyze the effectiveness of maintenance 
management systems from the perspectives of Reliability, 
Maintainability, and Sustainability in modern industrial 
systems. The study is expected to develop a 
comprehensive KPI-based and data-driven evaluation 
model that enhances asset performance while supporting 
operational sustainability. The novelty of this research lies 
in the integration of the three RMS dimensions into a 
single analytical framework, which remains 
underexplored in existing literature. Accordingly, the 
research problem can be formulated as follows: how can 
the effectiveness of maintenance management systems 
be comprehensively analyzed through the integration of 
Reliability, Maintainability, and Sustainability in modern 
industrial systems 

 

2    Methodology  

This study employs a quantitative approach with a 
descriptive-analytical research design aimed at 
evaluating the effectiveness of maintenance 
management systems from the perspectives of 
Reliability, Maintainability, and Sustainability (RMS) in 
modern industrial systems. This approach is selected 
because it enables an objective assessment of 
maintenance system performance through quantitative 
indicators and historical data analysis. In addition, this 
study adopts a case study approach within a specific 
industrial system to provide an in-depth understanding of 
maintenance management implementation in real-world 
contexts. The research design integrates Key 
Performance Indicators (KPI) analysis, Reliability 
Engineering approaches, and sustainability evaluation to 
develop a comprehensive analytical model [5] [8][4]. 

The population of this study consists of all equipment 
units or production assets within the industrial system 
under investigation. The sample is determined using 
purposive sampling, with criteria including assets that 
possess complete and consistent historical maintenance 
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data. These criteria include the availability of failure 
records, repair time, downtime duration, and 
maintenance cost data over a specified period. The 
sample size is determined based on its 
representativeness of the overall system, ensuring that it 
reflects the actual condition of maintenance 
management performance. The data utilized in this study 
are obtained from Computerized Maintenance 
Management Systems (CMMS) and Enterprise Asset 
Management (EAM), which provide integrated 
information related to maintenance activities and asset 
performance [10][6]. 

The research instruments consist of several key 
components, including RMS-based Key Performance 
Indicators (KPI), data analysis tools, and evaluation 
models based on Reliability Engineering. The KPIs used in 
this study include Mean Time Between Failures (MTBF), 
Mean Time To Repair (MTTR), availability, Overall 
Equipment Effectiveness (OEE), and sustainability 
indicators such as energy efficiency and life-cycle cost. 

while OEE is calculated based on the combination of 
availability, performance, and quality. Additionally, the 
research instruments include the use of Pareto analysis 
to identify critical components and probabilistic models 
such as stochastic Petri nets (SPN) to analyze system 
failure patterns. These instruments are designed to 
provide a comprehensive evaluation of maintenance 
management system effectiveness [5][12][8]. 

The data collection procedure is carried out through 
several systematic stages. The first stage involves 
identifying and selecting historical maintenance data 
from CMMS/EAM systems, including failure data, repair 
time, downtime duration, and maintenance costs. The 
second stage involves data validation to ensure 
consistency and accuracy. The third stage includes data 
processing to calculate KPI values such as MTBF, MTTR, 
availability, and OEE. The subsequent stage involves 
collecting sustainability-related data, including energy 
consumption and operational costs, obtained from 
operational reports and energy monitoring systems. This 
process is conducted iteratively to ensure high levels of 
data validity and reliability [10][7]. 

The data analysis method in this study employs a 
combination of statistical, probabilistic, and multi-criteria 
approaches to comprehensively evaluate maintenance 
management system effectiveness. Descriptive analysis is 
used to illustrate the general condition of system 
performance based on KPI values. Furthermore, the 
Reliability Engineering approach is applied to analyze the 
relationship between MTBF, MTTR, and availability, as 
well as to assess overall system reliability. The stochastic 
Petri nets (SPN) model is utilized to simulate system 
behavior and identify failure patterns and potential 
improvements. In addition, multi-criteria analysis 
methods such as Pareto analysis are employed to 
determine priority improvements based on each factor’s 
contribution to system performance. 

To integrate sustainability into the analysis, this study 
applies life-cycle cost analysis and energy efficiency 
evaluation. This analysis aims to assess the impact of 
maintenance strategies on long-term costs and energy 
consumption. The collected data are analyzed to identify 
relationships between implemented maintenance 
strategies and improvements in operational efficiency, as 
well as reductions in environmental impact. Therefore, 
the evaluation of maintenance management system 
effectiveness is not limited to technical performance but 
also includes its contribution to operational sustainability 
[8][9]. 

All analytical processes are conducted in an integrated 
manner to develop an RMS-based evaluation model that 
captures the relationships among reliability, 
maintainability, and sustainability in modern industrial 
systems. This model is then used to determine the 
effectiveness level of the maintenance management 
system and to provide a foundation for strategic decision-
making in industrial asset management. With a 
comprehensive and data-driven methodological 
approach, this study is expected to be replicable by other 
researchers and to contribute significantly to the 
advancement of maintenance management and 
reliability engineering. 

 

3 Result And Discussion 

The results of this study provide a comprehensive 
evaluation of the effectiveness of maintenance 
management systems from the perspectives of 
Reliability, Maintainability, and Sustainability (RMS) in a 
modern industrial context. The analysis is based on 
quantitative data collected from ten production units, 
supported by qualitative insights obtained through 
interviews with key personnel involved in maintenance 
operations. The findings reveal significant variations in 
system performance across different units, highlighting 
critical issues and opportunities for improvement in 
maintenance management practices. 

From the reliability perspective, the Mean Time 
Between Failures (MTBF) values exhibit considerable 
variation, ranging from 90 hours in unit U4 to 150 hours 
in unit U7. This variation indicates differences in system 
robustness and operational stability among the units. 
Higher MTBF values, as observed in U7 and U3, suggest a 
lower frequency of failures and a more reliable 
operational condition. These findings are consistent with 
the principles of Reliability Engineering, where increased 
MTBF is associated with improved system performance 
and reduced failure rates [5][6]. Conversely, lower MTBF 
values, particularly in U4 and U8, indicate frequent 
failures, which may be attributed to inadequate 
maintenance strategies or aging components. This aligns 
with previous studies emphasizing the importance of 
predictive and condition-based maintenance in 
improving reliability outcomes [8][3]. 
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Table 1. Summary of Maintenance Performance Indicators 

Indicator Min Max Average 

MTBF 
(hours) 

90 150 116.5 

MTTR 
(hours) 

8 15 11.4 

Availability 0.86 0.95 0.907 
OEE (%) 72 85 77.7 

Downtime 
(hours) 

65 110 87.5 

 

Table 2. Classification of Machine Performance Based on RMS Criteria 

Uni
t 

Reliabilit
y (MTBF) 

Maintainabilit
y (MTTR) 

Sustainabilit
y (Cost & 
Energy) 

Performanc
e Category 

U1 Medium Good Medium Moderate 
U2 Low Medium Low Poor 
U3 High Good Good Excellent 
U4 Low Poor Poor Critical 
U5 High Medium Medium Good 
U6 Medium Medium Low Moderate 

U7 
Very 
High 

Excellent Excellent Excellent 

U8 Low Poor Poor Critical 
U9 High Good Good Excellent 

U10 Medium Medium Medium Moderate 
 

Table 3. Downtime and Maintenance Cost Correlation 

Unit 
Downtime 

(hours) 
Maintenance 

Cost (USD) 
U4 110 15,800 
U8 105 15,200 
U6 100 14,200 
U2 95 14,500 

U10 90 13,800 
U5 85 13,000 
U1 80 12,000 
U9 75 12,500 
U3 70 11,200 
U7 65 10,800 

 

Table 4. Energy Consumption vs System Performance 

Unit Availability 
Energy 

Consumption 
(kWh) 

U7 0.95 4,800 
U3 0.94 5,000 
U9 0.93 5,300 
U1 0.92 5,200 
U5 0.92 5,400 

U10 0.90 5,700 
U2 0.89 5,800 
U6 0.89 5,900 
U8 0.87 6,100 
U4 0.86 6,200 

 

In terms of maintainability, the Mean Time To Repair 
(MTTR) values range from 8 hours to 15 hours, with unit 
U7 demonstrating the shortest repair time and U4 the 
longest. Lower MTTR values reflect higher 
maintainability, indicating that maintenance activities are 
performed efficiently and effectively. The results suggest 

that units with better maintenance practices and 
resource allocation tend to achieve faster recovery times. 
This observation supports the findings of Iadanza et al. 
(2019), which highlight the critical role of maintenance 
planning and technical expertise in reducing repair 
duration. Furthermore, the relationship between MTBF 
and MTTR directly influences system availability, 
reinforcing the importance of balancing reliability and 
maintainability in maintenance management systems. 

Availability, calculated as a function of MTBF and 
MTTR, shows a clear pattern across the observed units. 
Unit U7 achieves the highest availability (0.95), while U4 
records the lowest (0.86). This confirms that systems with 
higher reliability and better maintainability tend to 
achieve superior availability levels. These results are 
consistent with established theoretical models in 
Reliability Engineering, where availability is a key 
indicator of overall system performance [5]. Moreover, 
the observed relationship between availability and 
Overall Equipment Effectiveness (OEE) further validates 
the interconnected nature of performance indicators. 
Units with higher availability generally exhibit higher OEE 
values, as demonstrated by U7 (85%) compared to U4 
(72%). This finding aligns with previous research 
highlighting OEE as a comprehensive measure of 
equipment effectiveness[4]. 

From a sustainability perspective, the analysis of 
maintenance costs and energy consumption provides 
important insights into the long-term impact of 
maintenance strategies. Units with higher downtime, 
such as U4 and U8, exhibit significantly higher 
maintenance costs and energy consumption. This 
indicates inefficiencies in resource utilization and 
highlights the importance of integrating sustainability 
considerations into maintenance management. The 
results support the findings of Raposo et al. [7][11], which 
demonstrate that predictive maintenance and condition-
based approaches can significantly reduce life-cycle costs 
and energy usage. In contrast, unit U7, which exhibits the 
best performance across reliability and maintainability 
metrics, also demonstrates the lowest maintenance cost 
and energy consumption, suggesting a strong correlation 
between effective maintenance practices and 
sustainability outcomes. 

The qualitative findings further reinforce the 
quantitative results. The statement from informant A1 
indicates that preventive maintenance is implemented 
but not yet supported by real-time condition data. This 
suggests a gap in the adoption of advanced maintenance 
strategies such as predictive maintenance. Similarly, 
informant B2 highlights the occurrence of failures in 
critical components due to delayed detection, 
emphasizing the need for improved monitoring systems. 
Informant C3’s observation regarding high downtime 
affecting production targets reflects the operational 
impact of ineffective maintenance management. 
Additionally, informant D4 points out the lack of 
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integration between CMMS and energy monitoring 
systems, indicating a limitation in data-driven decision-
making processes. These findings are consistent with 
Lukens [10], who emphasize the importance of data 
quality and system integration in asset performance 
management. 

The integration of preventive, predictive, and 
condition-based maintenance strategies emerges as a 
critical factor in improving system performance. 
Preventive maintenance provides a structured approach 
to reducing failure occurrence, while predictive and 
condition-based maintenance enable early detection of 
potential failures through data analytics. The 
combination of these strategies creates a proactive 
maintenance framework that enhances reliability, 
reduces downtime, and optimizes resource utilization. 
This integrated approach is supported by previous 
studies, which highlight the effectiveness of combining 
multiple maintenance strategies to achieve optimal 
performance [3][7]. 

Despite these advancements, the findings also reveal 
a significant research and practical gap in the integration 
of sustainability within maintenance management 
systems. While reliability and maintainability are well-
established dimensions, sustainability is often treated as 
a secondary consideration. The lack of integrated systems 
for monitoring energy consumption and environmental 
impact limits the ability of organizations to fully optimize 
their maintenance strategies. This observation aligns with 
Mohammad-Amini et al. [4], who emphasize the need for 
a more holistic approach to asset management that 
incorporates sustainability as a core component. 

The contribution of this study lies in its integrated 
analysis of RMS dimensions using both quantitative and 
qualitative data. By combining KPI-based evaluation with 
insights from maintenance personnel, the study provides 
a comprehensive understanding of maintenance 
management effectiveness. The findings demonstrate 
that effective maintenance management requires not 
only technical optimization but also strategic integration 
of data, processes, and sustainability considerations. This 
integrated approach offers significant implications for 
both academia and industry, particularly in the 
development of advanced maintenance frameworks for 
modern industrial systems. 

However, this study is not without limitations. The use 
of a single case study may limit the generalizability of the 
findings to other industrial contexts. Additionally, the 
reliance on historical data may not fully capture dynamic 
changes in system performance over time. Future 
research should consider incorporating real-time data 
analytics and expanding the scope of analysis to multiple 
industries to enhance the robustness of the findings. 

In summary, the results and discussion highlight the 
critical role of integrating reliability, maintainability, and 
sustainability in evaluating maintenance management 
systems. The findings demonstrate that a data-driven and 

integrated approach is essential for improving system 
performance, reducing operational costs, and achieving 
sustainable industrial operations. This study provides a 
valuable foundation for the development of advanced 
maintenance strategies that align with the evolving 
demands of modern industrial systems. 

4 Conclusion  

This study aimed to analyze the effectiveness of 
maintenance management systems from the 
perspectives of Reliability, Maintainability, and 
Sustainability (RMS) within a modern industrial context. 
Based on the findings, it can be concluded that the 
effectiveness of maintenance management is 
significantly influenced by the integration of these three 
dimensions, supported by data-driven decision-making 
and appropriate performance measurement using Key 
Performance Indicators (KPI). The results demonstrate 
that units with higher Mean Time Between Failures 
(MTBF) and lower Mean Time To Repair (MTTR) tend to 
achieve better availability and Overall Equipment 
Effectiveness (OEE), indicating superior reliability and 
maintainability performance. 

Furthermore, the study reveals that maintenance 
effectiveness is not solely determined by technical 
performance but is also closely related to sustainability 
aspects, including maintenance costs and energy 
consumption. Units with poor maintenance performance 
tend to incur higher operational costs and energy usage, 
highlighting inefficiencies in resource utilization. 
Conversely, units with optimized maintenance strategies 
exhibit improved operational efficiency and lower life-
cycle costs, confirming the importance of integrating 
sustainability into maintenance management systems. 

The findings also indicate that while preventive 
maintenance practices are generally implemented, the 
adoption of advanced approaches such as predictive and 
condition-based maintenance remains limited. The lack 
of integration between maintenance data systems 
(CMMS/EAM) and other operational systems, such as 
energy monitoring, further constrains the effectiveness 
of maintenance strategies. This suggests that enhancing 
data integration and leveraging real-time monitoring 
technologies are critical steps toward improving 
maintenance performance. 

In terms of theoretical contribution, this study 
provides a comprehensive framework for evaluating 
maintenance management effectiveness by integrating 
reliability, maintainability, and sustainability into a 
unified analytical model. This integrated approach 
addresses existing gaps in the literature, where these 
dimensions are often examined separately. Practically, 
the study offers valuable insights for industry 
practitioners in designing maintenance strategies that 
are not only technically efficient but also economically 
and environmentally sustainable. 
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However, this study is limited by its focus on a single 
industrial case and the use of historical data, which may 
not fully capture dynamic operational conditions. 
Therefore, future research is recommended to 
incorporate real-time data analytics, expand the scope to 
multiple industrial sectors, and explore the application of 
advanced technologies such as IoT and machine learning 
in predictive maintenance systems. Such developments 
are expected to further enhance the effectiveness and 
sustainability of maintenance management in modern 
industrial environments. 
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