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Effective risk management in power plant maintenance and repair (M&R) is
critical for ensuring operational reliability and minimizing unexpected
downtime. This study designs and validates an optimal risk management
model for power plant M&R by integrating fuzzy logic with an exploratory
sequential mixed-methods approach. In the qualitative phase, semi-
structured interviews (17 conducted; theoretical saturation confirmed from
the 14th interview onward) with domain experts—analyzed via grounded
theory (Strauss and Corbin) in MAXQDA yielded 122 initial codes and 41 key
components organized into a five-category paradigm model (causal
conditions, contextual conditions, intervening conditions, strategies, and
consequences). In the quantitative phase, a researcher-designed
questionnaire was administered to a stratified random sample of n=226
power plant M&R specialists. Fuzzy Delphi confirmed expert consensus
above the 0.70 threshold for all 41 components in a single round
(defuzzified values 0.84-0.90). Partial Least Squares Structural Equation
Modeling (PLS-SEM) validated the conceptual model: all path coefficients
were statistically significant (t > 1.96), R2 = 0.663 for the core Risk
Management construct, and the overall model fit index (GOF = 0.525)
confirmed strong fit. The proposed model which integrates technical,
human, organizational, and environmental dimensions provides a
validated, locally grounded framework for power plant risk governance in
Iran.
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1. Introduction

Sustainable supply of electrical energy is a
fundamental requirement for economic and
industrial development, and power plants, as critical
infrastructures for electricity generation, play a
decisive role in energy security and reliability
(Shojaei & Haeri, 2019). Continuous safe and
efficient operation of these units depends largely on
the effectiveness of maintenance and repair (M&R)
systems. Power plant equipment is characterized by
complex structures, advanced technology, and high
capital costs; any disruption can lead to production
stoppages, reduced system reliability, increased
operational costs, and safety or environmental
hazards (Ke et al, 2023). Consequently, effective
management of M&R activities is not only a technical
necessity but also a strategic imperative. Systematic
identification and evaluation of risks associated with
M&R processes can prevent critical failures, optimize
resource allocation, and enhance equipment
reliability and operational continuity.

Risk management, as a systematic approach to
identifying, analyzing, evaluating, and controlling
uncertainties, has gained particular importance in
improving the performance of M&R systems
(Dorfeshan et al., 2022). However, risk assessment in
complex industrial environments faces significant
challenges: many decisions rely on expert judgment
and incomplete information, and classical
deterministic methods often fail to provide an
accurate picture of the actual risk situation (Panchal
& Kumar, 2017). In response, fuzzy-logic-based
approaches have been employed to model
uncertainty (Shetwan et al.,, 2025), the fuzzy Delphi
method has been used to extract expert consensus
and refine indicators, and structural equation
modeling has enabled testing of theoretical model
structures.

Despite the growing importance of risk management
in power plant M&R, three major research gaps
persist in the literature. First, existing models
predominantly examine technical dimensions in
isolation and overlook the systemic interactions
among technical, human, organizational, and
environmental dimensions (Shetwan et al., 2025).
Second, most models treat uncertainty statically and
pay insufficient attention to the temporal dynamics
of equipment degradation (Ke et al., 2023). Third, no
validated and locally adapted framework exists for
the Iranian power sector that accounts for specific
constraints such as infrastructure  aging.
Accordingly, the present study aims to design and
validate an integrated fuzzy-based risk management
model for power plant M&R using an exploratory
sequential mixed-methods approach.

2. Methodology

This applied research follows an exploratory
sequential mixed-methods design (Corbin et al,
2008). The spatial scope covers Iranian thermal and

combined-cycle power plants, and the temporal
scope spans the years 1403-1405 (Persian calendar).
In the qualitative phase, semi-structured interviews
(45-90 minutes) were conducted with 17 domain
experts selected through purposive sampling
(theoretical saturation confirmed from the 14%
interview onward). The experts included safety,
health, and environment specialists as well as
operational personnel with direct responsibility for
M&R in thermal power plants. Interview data were
analyzed using the systematic grounded-theory
coding procedures of Corbin and Strauss (Corbin et
al., 2008) in MAXQDA software. The analysis
proceeded through open coding (122 initial codes),
axial coding (41 key components), and selective
coding (extraction of the paradigmatic model).
Qualitative validation was performed via member
checking, systematic comparison with the literature,
methodological triangulation, external expert
review, practical applicability assessment, and
presentation in scientific sessions.

In the quantitative phase, the statistical population
comprised managers, experts, and specialists in
power plant M&R across Iran. Sample size was
determined as 226 using G*Power software (effect
size, power = 0.90, number of predictors = 41). A
total of 250 questionnaires were distributed and 226
valid responses were returned (response rate ~ 90.4
%). Stratified random sampling was employed
according to power-plant type (thermal, gas,
combined-cycle, hydro) and organizational level. A
researcher-designed questionnaire based on the 41
components extracted from the qualitative phase
and employing a five-point Likert scale was
developed. Content validity was confirmed by
content validity ratio (CVR = 0.62) and content
validity index (CVI = 0.79) with the judgment of 10
subject-matter experts. Reliability was assessed by
Cronbach’s alpha and composite reliability (both >
0.70). Data analysis was performed using partial
least squares structural equation modeling (PLS-
SEM) in SmartPLS 4.0.

To manage epistemic uncertainty in expert
judgments, triangular fuzzy numbers were
employed. A five-level linguistic scale was mapped
onto triangular fuzzy numbers, and defuzzification
was conducted by the center-of-gravity method.
Components whose defuzzified values were = 0.70
were retained as valid indicators for the quantitative
model.

3. Results and Discussion

Systematic coding of the interview data yielded 122
initial codes that were aggregated into 41 key
components. Selective coding organized these
components within the Strauss—Corbin
paradigmatic model. The core category was defined
as “design and implementation of a comprehensive
risk-management model for power plant
maintenance and repair.” The 41 components were
distributed across five paradigmatic categories:

\o)Lo.:b/V 0590 g4 JL“/t5)5°)'ef.5M"“gs“’w



Yyy

Baghandeh et al.

causal conditions (8 components), contextual
conditions (9), intervening conditions (6), strategies
(9), and consequences (9).

The paradigmatic model indicates that risk
management in power plant M&R is primarily driven
by a cluster of causal conditions, equipment failure
probability, causes and severity of human error, fire
risks, unsafe acts, and severe accidents that interact
with contextual conditions (specific technical
environments of different plant types) and are
moderated by intervening conditions (especially
safety culture and decision-making frameworks).
Strategies such as preventive actions, effective
control methods, and risk training convert the causal
forces into operational outcomes.

After the first round of the fuzzy Delphi method with
14 experts, fuzzy and defuzzified values were
calculated for all 41 components. The lower fuzzy
bound (L) was = 0.70 for every component, the
upper bound (U) equaled 1.00 in all cases, and no
defuzzified value fell below 0.84. This strong single-
round convergence, unusual in typical Delphi
applications that require two or three rounds,
reflects a shared risk schema among Iranian power
plant specialists, most likely arising from common
institutional constraints (regulatory standards and
MAPNA Group procedures). All 41 components were
therefore retained.

Measurement-model evaluation in SmartPLS 4.0
confirmed  satisfactory  construct reliability
(Cronbach’s alpha and composite reliability > 0.70
for all constructs), convergent validity (AVE > 0.50
for all constructs), and discriminant wvalidity
(Fornell-Larcker criterion satisfied; HTMT ratios <
0.90). Structural-model results from bootstrapping
(5 000 resamples) showed that all five hypothesized
path coefficients were statistically significant (t >
1.96, p < 0.05). The coefficient of determination for
the core construct “risk management” was R2 =
0.663, indicating that 66.3 % of its variance is
explained solely by causal conditions. R2 for
strategies reached 0.926 and for consequences 0.414.
These values exceed those reported in comparable
studies (Ke et al., 2023). The overall goodness-of-fit
index (GOF = 0.525), calculated according to the
formula proposed by Tenenhaus et al. (2005),
indicated strong model fit according to the
thresholds of Wetzels et al. (2009) (0.10 = weak, 0.25
= moderate, 0.36 = strong). Blindfolding further
confirmed predictive relevance (positive Q2 values
for all endogenous constructs).

Theoretically, the identification of causal conditions
as the primary structural drivers of risk aligns with
prior findings that equipment complexity and
operational intensity are the most important
antecedents of M&R risk (Panchal & Kumar, 2017).
The grounded-theory approach, however, provides a
more comprehensive picture by positioning human
error and unsafe acts as systemic causal factors
rooted in organizational culture and structure rather
than merely as operational outcomes. This result is
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consistent with findings that approximately 60 % of
power-plant accidents are attributable to human
error (Aliabadi et al.,, 2024). Distinguishing safety
culture as an intervening rather than a purely
contextual condition further enriches existing
theoretical frameworks (Seker & Zavadskas, 2017;
Dorfeshan et al., 2022) and is consistent with high-
reliability-organization theory. Practically, the
validated five-category model supplies plant
managers with a structured framework for risk
governance. Energy isolation management, effective
control methods, and supervisory efficacy emerged
as the highest-priority strategic components
(defuzzified values = 0.90) and should therefore
receive priority in resource allocation and
improvement programs. Simultaneous cultural
interventions are essential, because the effectiveness
of technical controls depends on the development of
safety culture, managerial commitment, and
employee participation.

4. Conclusions

By integrating grounded theory, the fuzzy Delphi
method, and PLS-SEM within a fuzzy-logic
framework, this study successfully designed and
validated a comprehensive, locally grounded, and
scientifically robust model for risk management in
power plant maintenance and repair. The model
organizes 41 key components into five paradigmatic
categories (causal conditions, contextual conditions,
intervening conditions, strategies, and
consequences) and thereby offers a holistic
representation of the factors influencing risk
management and their interactions in operational
power plant environments.

Empirical validation confirmed that all hypothesized
structural relationships are statistically significant (t
> 1.96, p < 0.05) and that the overall model fit is
strong (GOF = 0.525), with R2 values ranging from
0.414 to 0.926 for the key constructs. The study
advances the risk-management literature by
elevating human and organizational factors,
particularly human error and safety culture, from
peripheral or environmental variables to core
structural categories within the paradigmatic model.
Effective risk management in power plant M&R
therefore requires an integrated, systemic, and
multidimensional approach that simultaneously
addresses technical factors, human error, safety
culture, planning and execution systems,
organizational  conditions, and operational-
environment  characteristics.  the  proposed
integrated fuzzy-based risk management model for
power plant M&R represents a meaningful
contribution to both theory and practice. It offers a
locally adapted, multidimensional, and scientifically
validated solution that addresses the specific needs
of the Iranian power sector. By enabling proactive
risk identification, evaluation, prioritization, and
control, the model is expected to significantly
enhance operational safety, equipment reliability,
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organizational performance, and overall
sustainability of the power industry in Iran.
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Figure 1. Final paradigmatic model of risk management in power plant maintenance and repairs.

ool 2103538 Hlake 5 (i a3 Cnds Al o o (s il (656 (Sl Y Jgue
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Table 3. Cronbach's alpha and composite reliability of research variables
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Table 5. Fornell-Larcker criterion: VAVE (diagonal) vs. inter-construct correlations
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Table 6. Structural model path coefficients and significance values
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Figure 2. The structural model of the research in terms of standardized path coefficients.
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Figure 3. T The structural model of the research in terms of significance coefficients.
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