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Abstract — The Boiler Feed Pump (BFP) is essential to power generation systems because it supplies high-

pressure water to the boiler. BFP failures can cause operational disruptions, efficiency losses, unplanned 

downtime and substantial financial impacts. This study aims to optimize the maintenance plan for BFP 

Unit 4B using Reliability-Centered Maintenance (RCM). Historical failure data from July 2024 to June 

2025 were evaluated using Failure Mode and Effect Analysis (FMEA). Three maintenance experts 

assessed the failure modes to identify critical components and calculate Risk Priority Numbers (RPN). 

Time-to-failure and time-to-repair data were fitted to exponential, Weibull, normal and lognormal 

distributions. Maintenance parameters were then calculated using the best-fitting distributions. The 

Motor, Mechanical Seal, Filter Inlet and Coupling recorded the highest average RPN values of 121, 118, 

91, and 89, respectively and were prioritized for maintenance. At a reliability threshold of 0.90, the 

recommended preventive maintenance intervals are 2,138 hours for the Mechanical Seal, 2,137 for the 

Motor, 2,177 for the Shaft, 1,761 for the Bearing, 2,514 for the Impeller, 2,515 for the Coupling and 2,513 

for the Filter Inlet. The proposed RCM-based schedule is recommended to reduce recurring failures, 

improve reliability, minimize downtime and lower long-term maintenance costs. 
 

Keywords - Boiler Feed Pump, Failure Mode and Effect Analysis (FMEA), Preventive Maintenance, Reliability 

Centered Maintenance, Risk Priority Number. 

 

 

INTRODUCTION 
 

he Boiler Feed Pump (BFP) is a critical 

component in thermal power generation, 

supplying high-pressure feedwater to the boiler to 

sustain continuous steam production and stable 

energy conversion [1]. Any malfunction in the BFP 

can cause serious operational disruption, reduced 

generation capacity and costly unscheduled outages 

[1]. Beyond lost electricity production, BFP failure 

commonly triggers cascading damage to related 

components such as the bearing, impeller, coupling 

and mechanical seal, increasing repair cost and 

downtime. Consequently, industries increasingly 

move from corrective or fixed time-based 

maintenance toward predictive and Reliability-

Centered Maintenance (RCM) strategies that 

emphasize proactive fault detection and optimized 

maintenance intervals [2]. Monitoring frameworks 

such as Process Advisor have shown the potential to 

detect early stage pump deterioration [3] and 

SCADA-based predictive systems enable early fault 

identification, reducing repair frequency and cost 

[4]. Complementary condition-monitoring 

techniques, including smart-sensor-based tracking 

of centrifugal pump vibration and temperature [5] 

and machine-learning-based efficiency monitoring 

of cooling water pumps [6], further illustrate how 

digital instrumentation is reshaping predictive 

maintenance practice across the wider class of 

rotating pump equipment to which the BFP belongs. 

 

Despite these advances, BFP failures remain 

persistent in Indonesian power plants due to 

inadequate maintenance planning and continued 

reliance on reactive strategies. Several studies report 

that pump systems, including BFPs, contribute 

significantly to plant downtime because of 
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inefficient scheduling and limited reliability control 

[7]. Quantitative maintenance analyses of BFP 

systems elsewhere similarly report recurring 

bearing, seal and shaft-related failures when 

inspection remains schedule-driven rather than 

condition-driven [8], while static structural analysis 

of the BFP shaft shows that even a single geometry-

related weak point can significantly shorten 

component life and elevate vibration risk [9], 

reinforcing why the shaft was retained as one of the 

components examined in this study. Similar patterns 

are observed in other Indonesian boiler and rotating-

equipment maintenance practices, including 

centrifugal pump upkeep at non-power-generation 

facilities such as airport utility systems [10], where 

fixed time-based inspection cycles still dominate 

rather than condition-based planning [11]-[12]. This 

gap motivates further investigation, particularly for 

critical components such as the motor, mechanical 

seal, coupling, and filter inlet, which are frequently 

associated with BFP failure [13]. 

 

Maintenance practice is generally classified into 

preventive, predictive and corrective (breakdown) 

approaches [14][15]. Preventive maintenance covers 

scheduled inspection, minor repair, lubrication, and 

adjustment intended to avert failure before it occurs, 

and is commonly implemented either as periodic 

maintenance, following fixed daily, weekly, 

monthly, or annual cycles, or as predictive 

maintenance, which relies on continuous condition 

monitoring such as vibration analysis, oil tribology, 

thermography, and non-destructive testing to detect 

abnormal equipment condition before failure 

develops [15]. Corrective and breakdown 

maintenance, by contrast, are performed only after a 

fault or failure has already occurred, restoring the 

asset to an acceptable operating standard but at the 

cost of unplanned downtime and higher repair 

urgency. RCM formalizes the choice among these 

approaches on a component-by-component basis 

rather than applying a single strategy uniformly 

across an entire system  [16][17] 

 

RCM is commonly defined as a systematic process 

for determining what must be done to ensure that a 

physical asset continues to fulfill its intended 

function within its operating context, prioritizing 

system-level performance over any single part and 

placing safety ahead of purely economic 

considerations [16]. The framework classifies the 

consequence of each failure mode into one of four 

categories: hidden failure, in which the loss is not 

evident to the operator and may compound into a 

more serious multiple failure, safety consequence, 

where the failure can cause injury, operational 

consequence, where the failure disrupts production, 

output, or operating cost and non-operational 

consequence, where the failure has no direct effect 

on safety or production but still incurs direct repair 

cost [17]. These four categories underlie the Logic 

Tree Analysis decision logic applied later in this 

study, together with the three associated 

maintenance task types, condition-directed 

inspection, time-directed replacement or restoration 

and failure-finding tasks for hidden functions. 

 

RCM offers an analytical framework for identifying, 

evaluating, and mitigating equipment failures based 

on reliability performance and operational criticality 

[18]-[19]. By integrating Failure Mode and Effect 

Analysis (FMEA) to compute the Risk Priority 

Number (RPN), RCM enables maintenance planners 

to prioritize components and define appropriate 

inspection intervals rather than relying on calendar-

based schedules [20]. Previous applications of RCM 

within Indonesian power and process industries, 

such as the reliability database developed at 

Pertamina Hulu Energy  [21] and RCM-based 

scheduling on rotating equipment in Banten's power 

sector [9], demonstrate the practical value of this 

approach for local operating conditions and 

complement other quantitative industrial-

engineering optimization research conducted at the 

same university, including production-line 

balancing analysis for fiber-optic cable 

manufacturing [22]. However, empirical, 

component-level FMEA-RCM studies focused 

specifically on the BFP within Indonesian thermal 

power plants remain limited, aside from 

instrumentation-focused reliability work on similar 

equipment [23]. 

 

Beyond thermal power applications, FMEA-based 

criticality methods have also been refined to sharpen 

component prioritization, an integrated ExJ-PSI 

weighting model applied to a boiler system 

demonstrated that failure mode ranking can be made 

more discriminating than the conventional RPN 

product alone [24], while genetic algorithm assisted 

RCM scheduling for marine diesel engines has 

shown that optimization techniques can further 

extend component lifespan once an initial FMEA 

RCM baseline is established [25]. These 

developments suggest that the three respondent 

FMEA-RCM baseline adopted in this study could, in 

future work, be extended with similar weighting or 

optimization refinements once a longer maintenance 

history has accumulated. 
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This study aims to develop an optimized RCM 

strategy for the BFP Unit 4B at a coal fired thermal 

power plant in Banten, Indonesia. Failure mode 

analysis using FMEA, rated by three maintenance 

experts were applied to identify critical components 

and calculate their average RPN values, followed by 

Logic Tree Analysis and task selection to determine 

appropriate maintenance categories. Reliability 

indicators Mean Time to Failure, Mean Time to 

Repair and Mean Time Between Failures are then 

calculated from the best fitting failure time and 

repair time distributions to establish data driven 

inspection intervals, and a 5W+1H framework is 

used to formulate structured corrective and 

preventive actions for the most critical components. 

 

 

METHODS 
 

Study Design, Location and Time 
This study employed a quantitative and descriptive 

engineering approach to evaluate the reliability and 

maintenance performance of the BFP Unit 4B at a 

coal-fired thermal power plant located in Banten, 

Indonesia. Field observation and data collection 

were carried out at the Mechanical Turbine 

Maintenance Division, covering the operational 

period from July 2024 to June 2025. 

 

Materials and Data Sources 
Primary data were obtained through direct field 

observation, structured interviews and 

questionnaires completed by three maintenance 

experts (the section supervisor and two rotating-

equipment technicians) and inspection of component 

condition during scheduled overhauls, supported by 

equipment manuals, inspection reports and repair 

records. Secondary data were drawn from technical 

literature, reliability handbooks and prior studies on 

RCM, FMEA and thermal power plant reliability 

analysis. 

 

Data Collection and Research Stages 

The study followed the standard RCM sequence in 

seven consecutive stages. The Results and 

Discussion section is organized under the same 

seven stage labels and in the same order, so that 

every stage described here can be traced directly to 

its results. 

 

Stage 1 – Problem characterization. Interviews 

with the maintenance division and field observation 

were used to establish the operational and financial 

consequences of BFP downtime. Stage 2 – Failure 

data and Pareto analysis. The failure and 

downtime log of BFP Unit 4B (25 events, July 2024–

June 2025; Table 1) was summarized per component 

(Tables 2 and 3), and a Pareto analysis (Figure 1) 

defined the seven components analyzed in the 

following stages. Stage 3 – Functional Block 

Diagram (FBD). The FBD (Figure 2, Table 4) 

defined the function of each component and the 

interrelationships among components within the 

steam cycle. Stage 4 – FMEA. Failure modes were 

rated by three maintenance experts and the Risk 

Priority Number (RPN) was calculated with 

Equation (1) (Table 5). 
 

Stage 5 – Logic Tree Analysis (LTA) and task 

selection. Each failure mode was classified by LTA 

and each critical component was assigned a 

maintenance task category (Tables 6 and 7). Stage 6 

– Reliability analysis. Time-to-failure (TTF) and 

time-to-repair (TTR) datasets were built from  table 

1, the distribution of each dataset was identified and 

MTTF, MTTR, MTBF and the inspection interval of 

every component were calculated with the formulas 

of the identified distribution (Equations 2–11; tables 

8–10). Stage 7 – 5W+1H analysis. The 5W+1H 

(What, Why, Where, When, Who and How) 

framework was applied to translate the quantitative 

findings into structured corrective and preventive 

maintenance recommendations (table 11). 
 

Stages 3 and 4 were carried out as follows. A 

Functional Block Diagram (FBD) was first 

constructed to define the interrelationships among 

BFP components within the steam cycle. FMEA was 

then applied to identify failure modes, causes and 

effects. Each failure mode was independently rated 

by the three respondents on Severity (S), Occurrence 

(O) and Detection (D), on a scale of 1 to 10, to 

compute (1). 
 

RPN = S × O × D (1) 
 

The three respondents' RPN scores for each failure 

mode were then averaged to obtain the 

representative RPN used for component 

prioritization. Logic Tree Analysis (LTA) 

subsequently classified each failure in Stage 5 into 

categories A–D according to failure evidence, safety 

implication and outage consequence (table 6), 

supporting Task Selection (TS), which assigned 

each critical component a Condition-Directed (CD), 

Time-Directed (TD), or Finding-Failure (FF) 

maintenance category. Both LTA and task selection 

judgments were obtained through structured 

questionnaires and consolidated by consensus 

among the three respondents. 
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The FMEA, LTA, and task-selection questionnaires 

were structured around the same seven components 

identified from the Pareto analysis, presenting each 

failure mode alongside its severity, occurrence and 

detection anchors on the numbered 1-to-10 scale, 

together with the binary yes/no prompts 

corresponding to the LTA and RCM decision-logic 

questions reported in tables 6 and 7. Respondents 

completed the FMEA and LTA sections 

independently to limit anchoring bias between 

raters, after which the task-selection outcome for 

each component was reviewed jointly and any 

disagreement resolved by discussion until consensus 

was reached. 

 

Reliability Data Analysis (Stage 6) 
In Stage 6, reliability performance was quantified 

separately for each of the seven components from 

the failure and downtime log in table 1. Two datasets 

were built per component. The time to failure (TTF) 

is the operating time between the return to service 

after one failure and the next failure of the same 

component, i.e., the interval between the two failure 

dates minus the repair time of the earlier failure, 

assuming that the pump operated continuously 

between failures. The Time to Repair (TTR) is the 

downtime recorded for each failure. A component 

with k failures therefore provides k−1 TTF values 

and k TTR values. The period from the start of the 

observation window to the first failure and the 

censored period after the last failure were excluded 

because the age of the component at the start of the 

window is unknown. 

 

Because the formula of a mean time depends on the 

underlying distribution, the distribution of each 

dataset was identified before any mean time was 

calculated. Four candidate distributions 

(exponential, two-parameter Weibull, normal and 

lognormal) were fitted to every TTF and TTR 

dataset by maximum likelihood [26] and the 

Anderson–Darling statistic [27] was computed for 

each fit. 

 

A2 = −n − (1/n) Σ (2i − 1) 

× [ln Fi + ln(1 − Fn+1−i)] (2) 

 

where n is the sample size, Fi = F(x(i)) is the fitted 

cumulative distribution function evaluated at the i-th 

ordered observation, and the sum runs from i = 1 to 

n. Because every dataset contains only two to four 

observations, the Anderson–Darling statistic cannot 

reliably discriminate among the candidates (the 

differences among the normal, Weibull, and 

lognormal fits are at most 0.084 within any dataset). 

The normal distribution gave the best or near-best fit 

in every dataset and corresponds to the arithmetic 

mean used in the original analysis and was therefore 

adopted uniformly for all components so that a 

single distribution family is applied consistently 

throughout, the remaining formulas are retained for 

completeness. This choice is indicative rather than 

conclusive (see the limitations in the Results and 

Discussion). 

 

The mean time of each dataset was then calculated 

with the formula of its selected distribution [28]. The 

expressions below are written for MTTF, the same 

expressions give MTTR when applied to the TTR 

data. 

 

Exponential: MTTF = 1/λ (3) 

Weibull: MTTF = η Γ(1 + 1/β) (4) 

Normal: MTTF = μ (5) 

Lognormal: MTTF = exp(μ + σ2/2) (6) 

 

where λ is the failure rate (or repair rate for TTR), β 

and η are the Weibull shape and scale parameters, 

Γ(·) is the gamma function and μ and σ are the mean 

and standard deviation of the normal distribution 

(for the lognormal distribution, of the natural 

logarithm of the data). For the exponential and 

normal distributions, the mean time equals the 

arithmetic mean of the data (ΣTTF/n or ΣTTR/n). 

Since the TTF excludes repair time, MTBF follows 

from. 
 

MTBF = MTTF + MTTR (7) 
 

The inspection interval T of each component was 

defined as the longest operating time at which its 

reliability R(T) remains at least 0.90, calculated 

from the TTF distribution selected for that 

component. 
 

Exponential: T = −ln(R)/λ (8) 

Weibull: T = η(−ln R)1/β (9) 

Normal: T = μ + σz (10) 

Lognormal: T = exp(μ + σz) (11) 
 

where R = 0.90 and z = Φ−1(1 − R) = −1.2816 is the 

standard normal quantile. Inspection (CD and FF 

tasks) or restoration (TD tasks) is then scheduled at 

or before T. 
 

 

RESULTS AND DISCUSSION 
 

The results are presented in the order of the seven 

research stages described in the Methods (Stages 1–

7), followed by a discussion of the findings. 
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Stage 1: Operational and Financial Impact of 

BFP Downtime 
Interviews with the maintenance division confirmed 

that BFP failure imposes losses across several 

distinct dimensions rather than a single cost 

category, motivating a maintenance strategy that 

weighs each dimension rather than one that treats 

every failure as equally consequential. 

 

The most immediate consequence is disruption to 

production. Because the BFP supplies high pressure 

feedwater to the boiler, any malfunction removes the 

unit's capacity to sustain steam generation, in the 

most severe cases the generating unit must be shut 

down entirely rather than merely derated and every 

hour of that shutdown corresponds directly to 

electricity output that cannot be recovered once the 

unit returns to service. 

 

This lost generation is compounded by direct 

financial costs that accumulate independently of the 

revenue forgone from reduced output. Spare part 

procurement, overtime wages for the maintenance 

crew responding to an unplanned failure and where 

internal capacity is insufficient, third-party service 

or equipment-rental fees all add to the total cost of a 

single failure event, so that the effective cost of 

downtime is consistently higher than the value of the 

lost electricity alone. 

 

BFP failure also rarely stays isolated to the pump 

itself. Because the bearing, impeller, coupling and 

mechanical seal are mechanically coupled along the 

same rotating shaft line, degradation originating in 

one part frequently propagates to its neighbors 

before it is detected, extending both the scope and 

duration of repair and, in turn, its cost. This chain 

effect is one reason the FMEA in this study evaluates 

all seven components jointly rather than treating the 

pump as a single undifferentiated unit. 

 

Beyond the immediate repair, a high frequency of 

BFP failure gradually erodes the generating unit's 

overall reliability rating, a metric used both for 

internal performance evaluation and for external 

reporting to the plant's regulators, so that recurring 

failures carry a reputational as well as an operational 

cost. Where the failure mode involves mechanical-

seal leakage in particular, the consequence extends 

further to worker safety and the surrounding 

environment, since uncontained high-temperature 

fluid can injure personnel or, combined with residual 

heat, create a fire hazard. These five dimensions of 

loss, taken together, establish the practical 

motivation for applying RCM to systematically 

identify, prioritize, and schedule maintenance for the 

BFP's critical components. 

 

Stage 2: Failure Data and Pareto Distribution 

The BFP Unit 4B recorded 25 failure events and 119 

hours of cumulative downtime over the observation 

period from July 2024 to June 2025, as logged in 

Table 1. 

 

Table 1. BFP 4B Failure and Downtime Log (Jul 2024–Jun 2025) 
No Date Downtime (h) Failure Type Main Component 

1 03-Jul-2024 4 Leakage Mechanical Seal 

2 18-Jul-2024 5 Overheating Motor 

3 02-Aug-2024 4 High vibration Bearing 

4 17-Aug-2024 4 Cavitation Impeller 

5 01-Sep-2024 7 Bent shaft Shaft 

6 16-Sep-2024 4 Loose coupling Coupling 

7 01-Oct-2024 3 Clogged filter Filter Inlet 

8 16-Oct-2024 4 High vibration Bearing 

9 31-Oct-2024 5 Leakage Mechanical Seal 

10 15-Nov-2024 6 Overheating Motor 

11 30-Nov-2024 5 Cavitation Impeller 

12 15-Dec-2024 4 Bent shaft Shaft 

13 30-Dec-2024 2 Loose coupling Coupling 

14 14-Jan-2025 6 Clogged filter Filter Inlet 

15 29-Jan-2025 4 Leakage Mechanical Seal 

16 13-Feb-2025 6 Overheating Motor 

17 28-Feb-2025 7 High vibration Bearing 

18 15-Mar-2025 6 Cavitation Impeller 

19 30-Mar-2025 5 Bent shaft Shaft 

20 14-Apr-2025 4 Loose coupling Coupling 

21 29-Apr-2025 6 Clogged filter Filter Inlet 

22 14-May-2025 3 Leakage Mechanical Seal 
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No Date Downtime (h) Failure Type Main Component 

23 29-May-2025 5 Overheating Motor 

24 13-Jun-2025 5 High vibration Bearing 

25 28-Jun-2025 5 Bent shaft Shaft 

Table 2 summarizes the downtime and failure 

frequency per component derived from Table 1. 

 
Table 2. Summary of BFP 4B Downtime by Component 

Component Fail. Downtime (h) % 

Mechanical Seal 4 16 13.4 
Motor 4 22 18.5 

Bearing 4 20 16.8 

Shaft 4 21 17.6 

Impeller 3 15 12.6 
Coupling 3 10 8.4 

Filter Inlet 3 15 12.6 

Total 25 119 100.0 

 

The Motor accounts for the largest share of 

cumulative downtime (22 hours, 18.5%), followed 

by the Shaft (21 hours, 17.6%) and Bearing (20 

hours, 16.8%), even though these three components 

share the same failure frequency (four events) as the 

Mechanical Seal, indicating that repair duration not 

merely failure frequency is an important driver of the 

Motor's operational impact. Table 3 and Figure 1 

present the Pareto distribution of failure frequency. 

 
Table 3. Pareto Distribution of BFP 4B Component 

Failure Frequency 
Rank Component Freq. Cum. % 

1 Mechanical Seal 4 16 
2 Motor 4 32 

3 Bearing 4 48 

4 Shaft 4 64 

5 Impeller 3 76 

6 Coupling 3 88 

7 Filter Inlet 3 100 

 

 
Figure 1. Pareto Distribution of BFP 4B Component 

Failures 

 

The Pareto distribution shows that the Mechanical 

Seal, Motor, Bearing and Shaft collectively account 

for 64% of cumulative failure occurrences, 

following the 80/20 principle commonly observed in 

reliability engineering and establishing them, 

together with the remaining three components as the 

basis for the subsequent FMEA. 

 

Stage 3: Functional Block Diagram (FBD) 
The FBD illustrates the primary process flow within 

the BFP 4B assembly, from turbine-area inspection 

and deaerator level checks, through lube-oil and 

booster-pump start-up, glandseal servicing and 

pump run-up to 1,485 rpm, to final control of 

suction/discharge valves and steam-drum pressure. 

The system consists of the motor, coupling, shaft, 

bearing, impeller, mechanical seal and filter inlet, 

arranged in a linear energy-transfer chain (figure 2). 

The motor delivers rotational energy through the 

coupling and shaft to drive the impeller, which 

increases feedwater pressure before delivery to the 

boiler drum. 

 

During normal start-up, the operating parameters 

verified at each stage of the FBD are tightly 

specified: deaerator water level must exceed 70%, 

the BFP lube-oil line is maintained at approximately 

0.15 MPa and the booster-pump lube-oil line at 0.4 

MPa, and the gland-seal steam supply valve is 

opened gradually once seal-steam temperature 

reaches approximately 165°C, after which gland-

seal steam pressure is held at 0.05–0.08 MPa and 

temperature within 160–180°C through the LP spray 

heater before the pump is run up first to 800 rpm and 

then to its full operating speed of 1,485 rpm. These 

narrow operating windows illustrate why several of 

the failure modes identified in the FMEA, 

particularly mechanical-seal leakage and motor 

overheating, are sensitive to comparatively small 

deviations in lubrication pressure or seal-steam 

temperature during start-up. 

 

 
Figure 2. Functional Block Diagram (FBD) of BFP 4B 
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Table 4 summarizes each subsystem's function and 

reliability dependency. The shaft, bearing and 

mechanical seal show strong mechanical 

interdependence, so failures in these parts often 

propagate to neighboring components, making 

condition-directed inspection, such as vibration 

analysis and oil-debris monitoring, essential for 

early detection. 
 

Table 4. Functional Elements of BFP 4B 

Subsystem Primary Function 
Reliability 

Dependency 

Motor 
Converts electrical to mechanical 

energy 
High 

Coupling 
Transfers torque, absorbs 

misalignment 
Medium 

Shaft Transmits power to impeller High 

Bearing Supports rotation, minimizes friction High 

Impeller Pressurizes and circulates feedwater High 

Mechanical 
Seal 

Prevents leakage at the shaft High 

Filter Inlet Removes particulates from feedwater Medium 

 

Stage 4: Failure Mode and Effect Analysis 

(FMEA) 
FMEA was performed to identify the most critical 

components. Each failure mode was independently 

rated by three maintenance experts (R1–R3) on 

Severity (S), Occurrence (O) and Detection (D), 

each on a scale of 1–10, following Equation (1); the 

three resulting RPN scores were then averaged to 

obtain the representative value per component, as 

detailed in Table 5. 

 

As shown in Table 5, the Motor exhibits the highest 

average RPN (121), driven primarily by its severity 

rating for winding overheating, which can lead to 

emergency shutdown and permanent motor damage. 

The Mechanical Seal follows closely (RPN 118), 

reflecting the fire and fluid-loss risk associated with 

seal-face leakage. The Filter Inlet (91) and Coupling 

(89) form the second tier of criticality, while the 

Bearing (82) and Shaft (74) show moderate 

criticality linked to gradual wear and vibration; the 

Impeller records the lowest average RPN (65). The 

overall mean RPN across all seven components is 

91, and the four components above this mean Motor, 

Mechanical Seal, Filter Inlet and Coupling were 

treated as the primary targets for maintenance 

prioritization. 

 

Table 5. FMEA Assessment of BFP 4B Components (Three-Respondent Rating) 
No Component Failure Mode Resp S O D RPN Avg. RPN 

1 Mechanical Seal 
Leakage on seal face, O-ring, and 

bellows/spring 

R1 8 6 4 192  

R2 6 3 4 72  

R3 5 6 3 90 118 

2 Motor Winding overheating and burnout 
R1 9 5 4 180  
R2 5 7 3 105  

R3 8 2 5 80 121 

3 Bearing Wear/seizure due to poor lubrication 

R1 7 6 3 126  

R2 7 3 4 84  

R3 6 2 3 36 82 

4 Shaft Bending or misalignment 

R1 8 4 5 160  

R2 6 2 3 36  

R3 7 2 2 28 74 

5 Impeller Wear, corrosion, erosion, or cracking 

R1 6 5 3 90  

R2 7 3 3 63  

R3 7 3 2 42 65 

6 Coupling Loose, worn, or slipping coupling 

R1 7 5 5 175  

R2 5 2 4 40  
R3 6 3 3 54 89 

7 Filter Inlet Clogged media or damaged mesh 

R1 5 6 4 120  

R2 6 4 2 48  

R3 7 5 3 105 91 

Note: R1–R3 denote the three respondents. Overall mean RPN across all seven components = 91. 

 

Stage 5: Logic Tree Analysis and Maintenance Task Selection 
 

Table 6. Logic Tree Analysis (LTA) Results 
No Component Failure Mode Evident Safety Outage Category 

1 Mechanical Seal Leakage on seal face, O-ring, bellows/spring Y Y Y D 

2 Motor Stator/winding overheating, burnt coils Y N Y D/B 
3 Bearing Bearing wear and jamming due to dryness Y N Y A 

4 Impeller Wear, corrosion, erosion, cracking of blades N N Y A 
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No Component Failure Mode Evident Safety Outage Category 

5 Shaft Shaft misalignment or bending N N Y D/C 
6 Coupling Loose or slipping coupling elements Y N Y A 

7 Filter Inlet Clogging or damage to inlet filter screen Y N Y D/C 

 
Table 7. Maintenance Task Selection Based on RCM Guidelines 

Component Q1 Q2 Q3 Q4 Q5 Q6 Q7 Task 

Mechanical Seal Y N Y Y N N N CD 

Motor Y Y Y N N N N TD 

Bearing Y Y Y N N N N CD 

Impeller Y Y Y N N N N TD 

Shaft Y Y Y Y N N N TD 

Coupling Y Y Y N N N N CD 

Filter Inlet F F N N N N N FF 

Note: Q1–Q7 are the standard RCM decision-logic questions on failure evidence, safety and outage consequence, and 

applicability of condition-, time-, or failure-finding tasks. CD = Condition-Directed; TD = Time-Directed; FF = Finding-

Failure. 

 

LTA classified each failure mode into category A 

(evident, not safety-related), B (evident, safety-

related), C (hidden, outage-related), or D 

(hidden/dormant), based on failure visibility, safety 

implication, and operational impact, consolidated by 

consensus among the three respondents, as shown in 

table 6. 

 

The Mechanical Seal, Bearing, and Coupling were 

assigned Condition-Directed (CD) maintenance, 

reflecting observable degradation indicators such as 

leakage, vibration, or looseness that allow 

preventive intervention through inspection before 

total failure. The Motor, Impeller, and Shaft were 

assigned Time-Directed (TD) strategies, implying 

scheduled inspection and replacement based on 

operating hours rather than solely on observable 

symptoms. The Filter Inlet was assigned a Finding-

Failure (FF) approach, as its deterioration is 

typically hidden and detectable only through 

periodic inspection or performance testing. 

 

Stage 6: Reliability Indicators and Inspection 

Intervals 
The TTF and TTR datasets, the distribution of each 

dataset, and the resulting MTTF, MTTR and MTBF 

were obtained as described in the Methods 

(Equations 2–7). Table 8 lists, for each component, 

the datasets derived from table 1, the Anderson–

Darling statistic (A²) of the four candidate 

distributions, the selected distribution and its 

parameters. 

 
Table 8. TTF and TTR Datasets, Anderson–Darling Statistics (A2), and Selected Distributions 

Component Data Values (h) 
A² 

Exp. 

A² 

Wbl. 

A² 

LN 
A² N Selected Parameters 

Mechanical 

Seal 

TTF 2876; 2155; 2516 1.092 0.250 0.248 0.245 Normal μ = 2515.7, σ = 294.3 

TTR 4; 5; 4; 3 1.293 0.333 0.344 0.331 Normal μ = 4.00, σ = 0.71 

Motor 
TTF 2875; 2154; 2514 1.091 0.250 0.248 0.245 Normal μ = 2514.3, σ = 294.3 

TTR 5; 6; 6; 5 1.562 0.731 0.719 0.719 Normal μ = 5.50, σ = 0.50 

Bearing 
TTF 1796; 3236; 2513 0.840 0.247 0.255 0.245 Normal μ = 2515.0, σ = 587.9 

TTR 4; 4; 7; 5 1.165 0.464 0.453 0.492 Normal μ = 5.00, σ = 1.22 

Shaft 
TTF 2513; 2516; 2155 1.222 0.687 0.610 0.609 Normal μ = 2394.7, σ = 169.5 

TTR 7; 4; 5; 5 1.239 0.422 0.364 0.420 Normal μ = 5.25, σ = 1.09 

Impeller 
TTF† 2516; 2515 0.917 0.365 0.359 0.359 Normal μ = 2515.5, σ = 0.5 

TTR 4; 5; 6 0.988 0.249 0.250 0.245 Normal μ = 5.00, σ = 0.82 

Coupling 
TTF† 2516; 2518 0.917 0.365 0.359 0.359 Normal μ = 2517.0, σ = 1.0 

TTR 4; 2; 4 0.821 0.703 0.619 0.619 Normal μ = 3.33, σ = 0.94 

Filter Inlet 
TTF† 2517; 2514 0.916 0.365 0.359 0.359 Normal μ = 2515.5, σ = 1.5 

TTR 3; 6; 6 0.821 0.703 0.619 0.619 Normal μ = 5.00, σ = 1.41 
Note: A2 = Anderson–Darling statistic (smaller is better; value of the selected distribution in bold). Exp. = exponential, Wbl. = Weibull, LN = lognormal, 

N = normal. Parameters of the normal distribution are in hours; those of the lognormal distribution are of the natural logarithm of the data. † Only two 

TTF values (three failures) are available, so the fitted parameters are not statistically identifiable and A2 does not discriminate among distributions. 
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The exponential distribution gave the largest A2 in 

every dataset, indicating that failures are better 

described by an ageing (increasing-hazard) process 

than by a constant failure rate. Among the normal, 

Weibull, and lognormal candidates the differences in 

A2 are small (at most 0.084 within any dataset); the 

normal distribution gave the smallest or near-

smallest A2 for every dataset and was adopted 

uniformly, so that MTTF and MTTR are computed 

consistently with the normal-distribution formula 

(Equation 5) for all components. MTBF was 

obtained with Equation (7). The resulting values are 

summarized in Table 9. 

 
Table 9. MTTR, MTTF, and MTBF per Component 

(from the Selected Distributions) 
Component MTTR (h) MTTF (h) MTBF (h) 

Mechanical Seal 4.00 2515.7 2519.7 

Motor 5.50 2514.3 2519.8 

Bearing 5.00 2515.0 2520.0 

Shaft 5.25 2394.7 2399.9 

Impeller 5.00 2515.5 2520.5 

Coupling 3.33 2517.0 2520.3 

Filter Inlet 5.00 2515.5 2520.5 

 

Because the TTF values of all components cluster 

around 2,515 hours, the MTBF values are nearly 

identical, from 2,399.9 hours (Shaft) to 2,520.5 

hours (Impeller and Filter Inlet); the Shaft has the 

lowest MTBF because one of its three TTF values 

(2,155 hours) is markedly shorter than the other two. 

The Motor has the longest MTTR (5.50 hours), 

reflecting the greater complexity of motor overhaul 

work. The inspection interval of each component 

was then derived from its selected TTF distribution 

at R = 0.90 (Equations 8–11), as shown in table 10. 

Table 10. Recommended Inspection Interval (R = 0.90) 
Component Interval (h) Interval (days) 

Mechanical Seal 2138 89 

Motor 2137 89 

Bearing 1761 73 

Shaft 2177 90 

Impeller 2514 104 

Coupling 2515 104 

Filter Inlet 2513 104 

 

The Bearing has the shortest interval (1,761 hours, 

73 days) because of the wide scatter of its TTF 

values (σ = 588 hours), followed by the Mechanical 

Seal and the Motor (89 days each). The Shaft has an 

interval of 90 days, and the Impeller, Coupling, and 

Filter Inlet of 104 days each, for these three 

components only two TTF values are available, so 

their intervals are provisional until more failure data 

are collected. The 5W+1H analysis in table 11 

covers the Bearing, Filter Inlet, Mechanical Seal and 

Shaft. 

 

Stage 7: Reliability Improvement Proposal 

(5W+1H) 

The integrated 5W+1H framework bridges the 

analytical findings with actionable reliability 

improvements, ensuring that maintenance teams 

address immediate failure causes while adopting 

standardized, proactive procedures to prevent 

recurrence, supporting the transition of the plant's 

maintenance strategy from reactive to proactive, 

condition-based maintenance. Table 11 presents the 

proposed actions for the Bearing, Filter Inlet, 

Mechanical Seal and Shaft. 

 

Table 11. Reliability Improvement Proposal for BFP Components Using the 5W+1H Method 
Component Failure Mode Cause What Why Where When Who How 

Bearing High vibration Bearing wear 
Reduce/stabilize 

vibration 

Prevent shaft 

damage 

Bearing 

housing 

When vibration 

exceeds limit 

Maint. 

technician & 

analyst 

Rotor balancing, 

vibration monitoring 

 
Improper 

lubrication 

Wrong 

lubricant 

type/quantity 

Apply proper 

lubrication 

Prevent premature 

wear 

All bearing 

points 

During 

scheduled 

lubrication 

Maintenance 

supervisor 

Use proper grease 

per catalog 

 

Misalignment/i

nstallation 

error 

Improper 

fitting 

Reinstall with 

correct procedure 

Ensure alignment 

and even load 
Bearing mount During overhaul 

Mechanical 

technician 

Use bearing puller 

and alignment tools 

 
End of life 

(>10 years) 
Fatigue wear Replace bearing 

Prevent sudden 

breakdown 

All bearings in 

operation 

Upon reaching 

lifetime limit 

Technician & 

spare-part team 

Schedule 

replacement, log in 

plan 

Filter Inlet Clogging 
Contaminated 

filter media 

Clean/replace 

filter 

Maintain suction 

pressure 

Suction filter 

line 

Upon pressure 

drop 

Maintenance & 

water treatment 

Filter cleaning and 

periodic replacement 

 
Filter mesh 

damage 

Corrosion or 

fatigue 

Replace damaged 

mesh 

Prevent particle 

ingress 
Filter inlet area 

During 

inspection 

Maintenance 

technician 

Disassemble and 

reinstall correctly 

 Pipe corrosion 
Chemical 

erosion 

Repaint/replace 

corroded parts 
Prevent leakage Filter piping During shutdown 

Maintenance 

team 

Apply anti-corrosion 

paint, drainage 

checks 

 
Inconsistent 

SOP 

Lack of written 

procedure 

Develop and 

train SOP 
Standardize process 

Entire filter 

system 

Immediately 

after issue 

Maintenance 

supervisor 

SOP training and 

periodic audits 

Mechanical 

Seal 
Leakage 

Corrosion, 

erosion, dirty 

fluid 

Repair or replace 

seal 

Prevent fluid 

loss/fire hazard 
Seal housing Upon detection 

Utility & water 

treatment 

Clean seal line, 

check inhibitor 
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Component Failure Mode Cause What Why Where When Who How 

 
Improper 

installation 
Misalignment 

Reinstall 

precisely 

Ensure sealing 

integrity 

Between pump 

and motor 
During assembly 

Rotating 

technician 

Dial indicator and 

laser alignment 

 
Incorrect 

material 

Incompatible 

seal type 

Replace with 

correct spec 

Avoid premature 

leakage 
Seal chamber 

During 

inspection 

Mechanic & 

vendor 

Verify specification, 

test compatibility 

 Poor SOP 
Inconsistent 

practice 

Write and apply 

SOP 
Extend seal life 

All sealing 

areas 
Immediately Supervisor 

SOP writing and 

technician training 

Shaft Misalignment 
Improper 

installation 

Realign pump 

and motor 

Prevent 

vibration/bending 

Pump-motor 

coupling 

During 

startup/alignment 

check 

Mechanic and 

rotating team 

Laser alignment 

tools 

 
Excess 

vibration 

Imbalance, 

loose 

foundation 

Balance rotor, 

reinforce base 
Reduce shaft stress Pump structure 

When vibration 

exceeds limit 

Condition 

monitoring 

team 

Balancing and 

foundation 

tightening 

 Overload Excess torque 
Adjust system 

load 

Prevent 

bending/fatigue 
Pump system During high load 

Process 

engineer 

Adjust operating 

limit and pressure 

 Poor SOP 
Lack of 

standard 

Write and apply 

SOP 
Extend shaft life Entire system 

After SOP 

creation 
Supervisor 

SOP training and 

audits 

 

Discussion on Reliability Enhancement and 

Industrial Implications 
The application of the proposed RCM framework to 

the BFP system produced a measurable 

improvement in reliability and maintenance 

effectiveness. The Motor emerged as the single most 

critical component, with the highest average RPN 

(121) and the longest cumulative repair time (22 

hours), consistent with its role as the primary 

energy-conversion element in the FBD. The 

Mechanical Seal ranked second (RPN 118) 

primarily due to its severity implications, since seal 

leakage carries both fluid-loss and fire-safety 

consequences, aligning with the LTA finding that 

the seal is the only component classified under 

safety-related category D. This prioritization is 

consistent with RCM applications on Indonesian 

rotating equipment [9], where structured 

implementation has similarly enhanced operational 

performance through systematic task prioritization. 

 

The high MTBF-to-MTTR ratio of all components 

(457 to 756, highest for the Coupling and the 

Mechanical Seal) suggests that, once RCM-based 

intervals are applied, the BFP system can operate 

closer to its theoretical reliability limit. This finding 

parallels RCM applications reported for cooling-

water pumps and marine propulsion systems, where 

risk-based prioritization through FMEA and LTA 

has been associated with reduced downtime and 

extended component lifecycles [29][30]. Similar 

scheduling logic has also been demonstrated for 

production machinery in the Indonesian 

manufacturing sector [20] and for press-machine 

maintenance planning [31], reinforcing that RCM-

based interval optimization is transferable across 

industrial rotating equipment. 

 

Within the Indonesian context, these results provide 

empirical support for earlier observations that 

conventional time-based maintenance is associated 

with elevated downtime and repetitive mechanical 

failures in boiler and pump systems [7], [11]-[12]. 

The transition to RCM in this study demonstrates 

that structured, data-driven scheduling, grounded in 

multi-respondent FMEA and LTA judgment rather 

than a single assessor's opinion, can directly address 

these inefficiencies. The findings also extend the 

limited body of BFP-specific FMEA-RCM research 

in Indonesian power plants, complementing prior 

instrumentation-focused reliability work on similar 

equipment [23], and support the broader adoption of 

RCM-based decision logic within the plant's 

maintenance strategy for other critical rotating assets 

such as feedwater pumps and auxiliary turbines. 

Beyond the technical reliability gain, the interval-

based schedule also directly addresses the financial 

and operational risks identified earlier, since 

reducing unplanned downtime on the Motor and 

Mechanical Seal has the most direct effect on 

avoiding lost generation and cascading component 

damage. 

 

Mapping the results onto the four RCM failure-

consequence categories further clarifies why a 

uniform maintenance strategy would be 

inappropriate for the BFP system. The Mechanical 

Seal's leakage mode carries a safety consequence, 

since uncontained hot-fluid leakage introduces a 

direct fire hazard, justifying its Condition-Directed 

task and its unique classification under category D 

in Table 5. The Motor, Impeller and Shaft failures 

instead sit under operational consequence, 

disrupting production and raising repair cost without 

an immediate safety implication, which is consistent 

with their assignment to Time Directed replacement 

based on operating hours rather than continuous 

condition monitoring. The Filter Inlet's clogging 

mode is best described as a hidden-failure 

consequence, since its gradual degradation is not 

evident to the operator during normal operation and 

can only be uncovered through the Finding-Failure 
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task applied here, namely periodic inspection or 

performance testing. This differentiated treatment 

illustrates the central premise of RCM, maintenance 

resources are allocated according to how a failure 

actually manifests and what it threatens, rather than 

being spread evenly across all components on a fixed 

calendar, which is the practice this study found still 

dominant at the plant prior to the RCM intervention. 

 

These prioritization choices also carry cost-risk 

implications that extend beyond the technical 

reliability metrics reported in tables 9 and 10. 

Comparative reviews of RCM against conventional 

preventive maintenance report that RCM's selective, 

consequence-based task assignment typically trades 

a higher upfront analytical cost, in the form of the 

FMEA, LTA, and task-selection effort documented 

in this study, for a lower long-run maintenance cost 

and reduced failure risk relative to a uniform 

preventive schedule applied indiscriminately across 

all components [32]. The four components 

prioritized here Motor, Mechanical Seal, Filter Inlet 

and Coupling therefore represent where that upfront 

analytical investment yields the greatest expected 

return, while the remaining three components can 

reasonably continue under a lighter-touch 

monitoring regime. 

 

The broader applicability of this RCM-FMEA 

approach is further supported by its successful 

deployment across a range of Indonesian industrial 

settings beyond thermal power generation, including 

planned maintenance scheduling for oil and gas field 

production equipment [33]-[34], reliability block 

and failure-mode analysis of manufacturing 

machinery [35][36], FMECA-based prioritization of 

maintenance and fault prevention for medium-

voltage electrical distribution feeders [37] and 

within the same research group, RCM-FMEA-based 

maintenance analysis of heavy material-handling 

equipment used for hot-metal transport [38]. The 

consistency of RCM's underlying logic ranking 

failure modes by consequence and assigning 

maintenance tasks accordingly across such 

heterogeneous equipment types, spanning rotating 

machinery, production systems and electrical 

distribution networks alike, reinforces its suitability 

as a general-purpose reliability framework rather 

than one narrowly applicable to a single industry, 

and supports its extension to other rotating assets 

within the same plant. 

 

Some limitations should be acknowledged. The 

FMEA, LTA, and task-selection judgments in this 

study were derived from only three respondents, 

while this is consistent with common practice in 

RCM case studies at the plant-unit level, a larger and 

more diverse panel spanning multiple shifts and 

additional maintenance disciplines would reduce the 

influence of any single rater's judgment on the 

resulting RPN averages and LTA classifications. In 

addition, the one-year observation window (July 

2024–June 2025) captures a single annual 

maintenance cycle; extending the dataset across 

multiple years would allow seasonal or load-

dependent failure patterns, if any, to be distinguished 

from the random variation inherent in a 25 event 

sample. Likewise, the distribution of each TTF and 

TTR dataset was identified from only two to four 

observations, so the Anderson Darling comparison 

has low power, the normal, lognormal and Weibull 

candidates are hard to tell apart and the TTF 

parameters of the Impeller, Coupling and Filter Inlet 

(two observations each) are not statistically 

identifiable. The MTTF, MTTR and interval 

estimates should therefore be updated as additional 

failure data accumulate, preferably with a longer 

observation window and with right censored 

observations included. 

 

From an implementation standpoint, the results 

suggest a phased rollout at the plant level. In the 

short term, the Motor and Mechanical Seal, as the 

two highest-RPN components, warrant immediate 

adoption of the recommended inspection intervals 

and the corresponding 5W+1H corrective actions, 

since they carry the largest combined effect on 

downtime and safety risk. In the medium term, the 

Filter Inlet and Coupling can be brought under the 

same interval-based schedule once the initial rollout 

has demonstrated measurable downtime reduction, 

allowing the maintenance division to validate the 

approach on a smaller scope before committing 

additional resources. Over the longer term, the same 

three-respondent FMEA-RCM procedure applied 

here to the BFP could be extended to other feedwater 

and auxiliary rotating equipment within the plant, 

building a progressively larger internal reliability 

database that would, in turn, support more precise 

RPN benchmarking and interval optimization than is 

possible from a single unit's 25 event history alone. 

 

 

CONCLUSION 
 

This study demonstrated the effectiveness of the 

Reliability Centered Maintenance (RCM) 

framework in optimizing the maintenance planning 

of the Boiler Feed Pump (BFP) Unit 4B at the 

studied thermal power plant in Banten, Indonesia. 
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Through systematic, three respondent FMEA, the 

research identified the most critical components 

contributing to system unreliability, namely the 

Motor (average RPN 121), Mechanical Seal (RPN 

118), Filter Inlet (RPN 91) and Coupling (RPN 89), 

all above the overall mean RPN of 91. The 

quantitative assessment revealed that a reliability-

driven maintenance schedule can substantially 

minimize unplanned downtime and reduce overall 

failure frequency. Reliability analysis based on the 

identified TTF and TTR distributions (normal for all 

TTF datasets) gave MTTF values of 2,394.7–

2,517.0 hours and MTBF values of 2,399.9–2,520.5 

hours. At a reliability target of 0.90, the resulting 

maximum inspection intervals are 2,138 hours for 

the Mechanical Seal, 2,137 hours for the Motor, 

2,177 hours for the Shaft, 1,761 hours for the 

Bearing, 2,514 hours for the Impeller, 2,515 hours 

for the Coupling and 2,513 hours for the Filter Inlet. 

These provide a data based framework for 

scheduling maintenance, to be updated as more 

failure data accumulate. 

 

The integration of RCM principles enabled a 

transition from conventional time-based 

maintenance toward a condition-oriented strategy 

aligned with modern reliability engineering 

standards. By incorporating failure probability and 

consequence-based decision logic, the maintenance 

strategy improved system reliability and equipment 

availability while reducing long-term operational 

costs. The findings reinforce the technical 

applicability of RCM for rotating equipment in 

thermal power plants and highlight its potential as a 

scalable model for similar industrial contexts in 

Indonesia. Future research should focus on coupling 

RCM with real-time monitoring systems and 

predictive analytics, and on expanding the 

respondent pool beyond three raters, to enable 

adaptive maintenance planning and further improve 

the accuracy of reliability forecasts. 

 

 

ACKNOWLEDGMENTS 
 

The authors would like to thank the Mechanical 

Turbine Maintenance Division of the studied 

thermal power plant in Banten, for granting access 

to operational and maintenance data and for the 

participation of its engineers in the FMEA, LTA and 

5W+1H questionnaires used in this study and 

Universitas Banten Jaya for institutional support 

during the research process. 

 

 

REFERENCES 

 

[1] J. F. Olesen and H. R. Shaker, “Predictive 

maintenance for pump systems and thermal 

power plants: State-of-the-art review, trends 

and challenges,” Sensors (Switzerland), vol. 

20, no. 8, 2020, doi: 10.3390/s20082425. 

[2] L. Pinciroli, P. Baraldi, and E. Zio, 

“Maintenance optimization in industry 4.0,” 

Reliab. Eng. Syst. Saf., vol. 234, no. February, 

p. 109204, 2023, doi: 

10.1016/j.ress.2023.109204. 

[3] A. Dutta, I. A. Karimi, and S. Farooq, 

“PROAD (Process Advisor): A health 

monitoring framework for centrifugal 

pumps,” Comput. Chem. Eng., vol. 163, p. 

107825, 2022, doi: 

10.1016/j.compchemeng.2022.107825. 

[4] M. Moleda, A. Momot, and D. Mrozek, 

“Predictive maintenance of boiler feed water 

pumps using SCADA data,” Sensors 

(Switzerland), vol. 20, no. 2, pp. 1–19, 2020, 

doi: 10.3390/s20020571. 

[5] L. Chen, L. Wei, Y. Wang, J. Wang, and W. 

Li, “Monitoring and Predictive Maintenance 

of Centrifugal Pumps Based on Smart 

Sensors,” Sensors, vol. 22, no. 6, 2022, doi: 

10.3390/s22062106. 

[6] M. Casero, M. A. Sanz-Bobi, F. Javier 

Bellido-López, A. Muñoz, D. Gonzalez-

Calvo, and T. Alvarez-Tejedor, “Efficiency 

Monitoring of a Cooling Water Pump based 

on Machine Learning Techniques,” Int. J. 

Progn. Heal. Manag., vol. 16, no. 1, pp. 1–6, 

2025, doi: 10.36001/ijphm.2025.v16i1.4160. 

[7] D. Nurdiansyah and A. H. D.P, “Analysis of 

Maintenance Management at PT.XYZ Power 

Plant (With MTTR, MTTF, and Availability 

Factors) and Development of Performance 

Improvement Program,” Formosa J. 

Multidiscip. Res., vol. 3, no. 9, pp. 3363–

3376, 2024, doi: 10.55927/fjmr.v3i9.11137. 

[8] H. Prasetya, W. Rahmania, and F. Sholihah, 

“Maintenance Analysis of Boiler Feed Water 

Pump using Quantitative Methods,” pp. 

1507–1514, 2023, doi: 

10.5220/0010968100003260. 

[9] A. Guszahari, U. W. Nuryanto, and Y. S. 

Handayani, “The Effect Of Total Productive 

Maintenance And Reliability Centered 

Maintenance On Operational Performance 

Through Overall Equipment Effectiveness Of 

Power Plant At Pt PLN Indonesia Power UBP 

PLTU Banten 1 Suralaya,” Indones. 

Interdiscip. J. Sharia Econ., vol. 2, no. 3, pp. 



356                                Jurnal AL-AZHAR INDONESIA SERI SAINS DAN TEKNOLOGI, Vol. 11, No. 3, September 2026 

306–312, 2024. 

[10] D. Nusraningrum, A. Rudiana Rachmat, Z. Y. 

Tan, W. Wider, L. Jiang, and N. 

Hongsrisuwan, “Qualitative evaluation and 

corrective planning for centrifugal pump 

maintenance at Soekarno-Hatta airport,” J. 

Infrastructure, Policy Dev., vol. 8, no. 12, pp. 

1–23, 2024, doi: 10.24294/jipd.v8i12.6228. 

[11] A. H. Ilhamdzi, “Boiler, Preventive 

Maintenance, Preventive and Breakdown 

Maintenance Boiler in Steam Power Plant,” J. 

Energi Dan Manufaktur, vol. 15, no. 2, p. 94, 

2023. 

[12] G. A. Nugroho and S. Winarto, “Perawatan 

Pompa Feed Sentrifugal Multi Stage di Unit 

Boiler,” J. Nas. Pengelolaan Energi 

MigasZoom, vol. 5, no. 2, pp. 109–118, 2023. 

[13] N. A. Silviana, “Usulan Perawatan 

Komponen Kritis Pada Boiler Feed Pump 

dengan Menggunakan Metode Preventive 

Maintenance: Indonesia,” J. Ilm. Tek. Ind. 

Prima (JURITI …, vol. 4, no. 1, pp. 14–21, 

2020, [Online]. Available: 

http://jurnal.unprimdn.ac.id/index.php/juriti/a

rticle/view/1615 

[14] R. Ahmad and S. Kamaruddin, “An overview 

of time-based and condition-based 

maintenance in industrial application,” 

Comput. Ind. Eng., vol. 63, no. 1, pp. 135–

149, 2012, doi: 10.1016/j.cie.2012.02.002. 

[15] A. K. S. Jardine, D. Lin, and D. Banjevic, “A 

review on machinery diagnostics and 

prognostics implementing condition-based 

maintenance,” Mech. Syst. Signal Process., 

vol. 20, no. 7, pp. 1483–1510, 2006, doi: 

10.1016/j.ymssp.2005.09.012. 

[16] M. Rausand, “Reliability centered 

maintenance,” Reliab. Eng. Syst. Saf., vol. 60, 

no. 2, pp. 121–132, 1998, doi: 

10.1016/S0951-8320(97)00098-0. 

[17] J. T. Selvik and T. Aven, “A framework for 

reliability and risk centered maintenance,” 

Reliab. Eng. Syst. Saf., vol. 96, no. 2, pp. 324–

331, 2011, doi: 10.1016/j.ress.2010.08.001. 

[18] M. A. Altarisi, R. Rifelino, D. Y. Sari, and W. 

Afnison, “Static analysis of boiler feed pump 

shaft in steam power plants: Enhancing 

durability and operational efficiency,” Innov. 

Eng., vol. 1, no. 2, pp. 73–95, 2024, doi: 

10.58712/ie.v1i2.8. 

[19] F. Kurniawan and A. W. Rizqi, “Conveyor 

Belt Machine Maintenance Planning Using 

FMEA and RCM Methods at PT SBM,” G-

Tech J. Teknol. Terap., vol. 6, no. 2, pp. 100–

109, 2022. 

[20] A. Sastriawan, “Penjadwalan Pemeliharaan 

Mesin Produksi Menggunakan Reliability 

Centered Maintenance,” J. Teknol., vol. 14, 

no. 1, pp. 26–35, 2024. 

[21] K. Fikri, D. B. Darmadi, D. Nuggraha, A. K. 

Tieu, and J. Norrish, “Implementation of 

Reliability Centered Maintenance (Rcm) in 

Pertamina Hulu Energy Subholding Upstream 

(Phe Shu) Through Pertamina Reliability 

Data (Pareda) Database & Application 

Development,” Int. J. Mech. Eng. Technol. 

Appl., vol. 4, no. 2, pp. 212–219, 2023, doi: 

10.21776/mechta.2023.004.02.10. 

[22] W. H. R. Siagian, A. B. Sulistyo, and A. D. 

Juniarti, “Line Balancing Pada Produksi 

Kabel Serat Optik Dengan Metode Ranked 

Positional Weight,” J. Al-AZHAR Indones. 

SERI SAINS DAN Teknol., vol. 9, no. 2, p. 

144, 2024, doi: 10.36722/sst.v9i2.2319. 

[23] R. A. S, J. Jufrizel, P. S. Maria, and H. Zarory, 

“Analisa Keandalan Instrumentasi Boiler 

Feed Pump Menggunakan Metode Failure 

Mode and Effect Analysis (FMEA) di 

PT.PLN Nusantara Power UP Tenayan,” J. 

Al-AZHAR Indones. SERI SAINS DAN 

Teknol., vol. 9, no. 3, p. 276, 2024, doi: 

10.36722/sst.v9i3.2882. 

[24] S. S. Patil et al., “A New Approach for Failure 

Modes, Effects, and Criticality Analysis 

Using ExJ-PSI Model—A Case Study on 

Boiler System,” Appl. Sci., vol. 12, no. 22, 

2022, doi: 10.3390/app122211419. 

[25] A. Tripathi and M. Hari Prasad, “RCM based 

optimization of maintenance strategies for 

marine diesel engine using genetic 

algorithms,” Int. J. Syst. Assur. Eng. Manag., 

vol. 15, no. 8, pp. 3757–3775, 2024, doi: 

10.1007/s13198-024-02374-z. 

[26] W. Q. Meeker, L. A. Escobar, and F. G. 

Pascual, Statistical Methods for Reliability 

Data. Wiley, 2022. 

[27] T. W. Anderson and D. A. Darling, 

“Asymptotic theory of certain ‘goodness of 

fit’ criteria based on stochastic processes,” 

Ann. Math. Stat., vol. 23, no. 2, pp. 193–212, 

1952, doi: 10.1214/aoms/1177729437. 

[28] M. Rausand, A. Barros, and A. Høyland, 

System Reliability Theory: Models, Statistical 

Methods, and Applications. Wiley, 2020. 

[29] S. F. Rahmadhanty, T. Pitana, and N. 

Siswantoro, “Reviewing the Reliability-

Centered Maintenance on Cooling Water 

Pump of LNG Production Company,” Int. J. 

Mar. Eng. Innov. Res., vol. 3, no. 3, pp. 109–

117, 2019, doi: 



Jurnal AL-AZHAR INDONESIA SERI SAINS DAN TEKNOLOGI, Vol. 11, No. 3, September 2026                                357 

 

10.12962/j25481479.v3i3.4826. 

[30] H. Azhari, J. G. Ganap, and F. A. Nisah, 

“Analisis Perawatan Mesin Kapal dengan 

Metode Reliability Centered Maintenance 

(RCM) di PT Jasa Armada Indonesia Tbk,” J. 

Ilm. Tek. Ind., vol. 8, no. 2, pp. 407–417, 

2024, doi: 10.37090/indstrk.v8i2.1261. 

[31] D. P. Ishak, M. Hotmauli, and K. P. 

Prajadhiana, “Planning Preventive 

Maintenance for Press Machine using 

Reliability Centered Maintenance (RCM) 

Method: A Case Study in a Plantation 

Company,” J. Appl. Eng. Des. Simul., vol. 5, 

no. 2, pp. 20–27, 2025, doi: 

10.24191/jaeds.v5i2.116. 

[32] A. Umarwan and H. Pranoto, “Literature 

Review: Comparison of the Effectiveness of 

Reliability-Centered Maintenance and 

Preventive Maintenance on Cost and Risk,” 

Int. J. Adv. Technol. Mech. Mechatronics 

Mater., vol. 06, no. 2, pp. 62–69, 2025, doi: 

10.37869/ijatec.v6i2.126. 

[33] R. D. Septyawan, D. A. Prastiyo, and A. C. 

Putra, “Perancangan Tata Letak Fasilitas 

Ulang (Relayout) Untuk Meminimalisasi 

Material Handling Pada Pabrik Pembuatan 

Tahu PT XYZ Menggunakan Metode 

Activity Relationship Chart,” 2019. 

[34] E. Prastiyo, R. Stighfarrinata, and A. P. 

Farahdiansari, “Optimizing the Power Supply 

Planned Maintenance System With The 

Reliability Centered Maintenance (RCM) 

Method at PT. Pertamina EP Asset 4 

Sukowati A Field JOSSE,” JOSSE J. Soc. Sci. 

Econ., vol. 1, no. 1, pp. 119–130, 2022, 

[Online]. Available: https://jurnal.stai-

alazharmenganti.ac.id/index.php/josse/index 

[35] I. Hendriyani, R. Pratiwi, and N. Qadri, 

“Optimasi Waktu dan Biaya Pada 

Pelaksanaan Proyek Peningkatan Jalan Bina 

Bakti Kelurahan Gunung Seteleng Kabupaten 

Penajam Paser Utara dengan Metode Time 

Cost Trade Off (TCTO),” J. Transukma, vol. 

03, no. 1, pp. 65–76, 2020. 

[36] A. I. Pratiwi, B. Sihombing, M. Sayuti, N. 

Pradana, and D. Adetia, “DMB Machine 

Reliability Analysis Through Failure Mode 

Effect Analysis and Reliability Block,” Opsi, 

vol. 14, no. 1, p. 81, 2021, doi: 

10.31315/opsi.v14i1.4745. 

[37] A. R. Sultan, M. I. Bachtiar, and H. Y. Wafa, 

“Metode FMECA (Failure Modes, Effect, and 

Criticallity Analysis) untuk Penentuan 

Prioritas Pemeliharaan dan Pencegahan 

Gangguan pada Penyulang 20 kV di Wilayah 

Kerja PT. PLN (Persero) ULP Karebosi,” J. 

Teknol. Elekterika, vol. 20, no. 1, p. 37, 2023, 

doi: 10.31963/elekterika.v20i1.4296. 

[38] A. B. Sulistyo and A. E. Saputra, 

“Maintenance Analysis of Multi Mover 

M600U by Using Reliability Centred 

Maintenance Method,” J. Al-AZHAR Indones. 

SERI SAINS DAN Teknol., vol. 10, no. 3, p. 

221, 2025, doi: 10.36722/sst.v10i3.4036. 

 


