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e 21 barriers were identified in five
categories:  organizational, social,
environmental, technological, and
financial.

® Technological and social barriers
emerged as the main causal factors.

® A strategic focus on technological and
social dimensions can more effectively
improve sustainable  predictive

Objective: Analyzing the barriers o
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complexes.
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The aim of this study was to identify and analyze the barriers to
implementing sustainable predictive maintenance (SPM) in the industrial
equipment of a petrochemical complex. The study was applied in purpose
and descriptive-survey in design. Data were collected through a
questionnaire from six petrochemical-industry experts selected using
snowball sampling. First, 25 initial barriers extracted from the literature
were assessed through a two-round fuzzy Delphi process, resulting in the
validation of 21 barriers across five dimensions: organizational, social,
environmental, technological, and financial. Subsequently, the cause—effect
relationships among the barriers were analyzed using DEMATEL at two
levels, including the main dimensions and the sub-barriers within each
dimension. The results showed that social and technological barriers, with
net-effect values of 1.653 and 1.178, respectively, were causal dimensions. In
contrast, environmental, organizational, and financial barriers, with net-
effect values of -1.737, -0.816, and -0.278, respectively, were classified as
effect dimensions. At the sub-barrier level, “lack of a green maintenance
strategy” (1.337), “lack of awareness of the importance of maintenance”
(0.634), “lack of stakeholders’ awareness of green maintenance” (1.143),
“shortage of specialists for maintaining green technology” (0.731), and
“concern about production shutdowns” (0.654) were identified as the most
influential causal barriers within their respective dimensions. The findings
underscore the need to formulate a green maintenance strategy, enhance
the awareness and skills of employees and stakeholders, develop
technological capabilities, and manage the risk of production shutdowns to
facilitate the implementation of SPM in petrochemical complexes.
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1. Introduction

In recent decades, industrial complexity and stricter
safety, competitiveness, and  environmental
requirements have transformed maintenance from a
supporting activity into a strategic component of
physical asset management. Maintenance comprises
planned actions to preserve or restore equipment
and improve reliability, availability, safety, and
production continuity. It is therefore linked to
organizational economic, environmental, and social
outcomes. Sustainable development requires
balancing productivity and production continuity,
lower resource consumption and emissions, and
employee safety and health (Martinod et al., 2018;
Ruggerio, 2021).

Predictive maintenance uses condition-monitoring
data, sensors, and operational analytics to determine
intervention and repair timing. Compared with
reactive and time-based policies, it can reduce
unexpected failures and unplanned shutdowns,
extend equipment useful life, and optimize
maintenance expenditure (Pech et al, 2021).
Integrating these capabilities with sustainability
objectives has led to sustainable predictive
maintenance (SPM). SPM improves equipment
performance and reliability while supporting energy
efficiency, waste reduction, safety-risk mitigation,
and reduced environmental impacts (Karuppiah et
al,, 2021).

The petrochemical industry is a setting for SPM
implementation because it is capital intensive,
depends on continuous processes and sensitive
equipment, and entails significant safety and
environmental  risks.
compressors, turbines, and heat exchangers may
have  economic, operational, safety, and
environmental consequences. Maintenance
expenditure can account for approximately 15-17% of
total production costs in this industry (Aghaee et al.,
2020). Thus, predictive and sustainable maintenance
practices can reduce unexpected shutdowns and
strengthen operational sustainability.

Despite these benefits, SPM implementation
encounters organizational, social, environmental,
technological, and financial barriers that may
reinforce one another. Identifying barriers alone is
insufficient for designing effective interventions;
their influence-dependence relationships must also
be examined. Previous studies have addressed
barriers to Maintenance 4.0, predictive maintenance,
and sustainable maintenance management (Naik &
Kirkire, 2024; Olugu et al., 2024; Turan & Caloglu
Buyikselcuk, 2025). However, many studies
emphasize factor ranking rather than causal
interdependencies and root factors. Few studies
jointly examine the five barrier dimensions within a
petrochemical context.

Failures in  pumps,

The multidimensional, uncertain, and
interdependent nature of SPM barriers makes
ranking methods alone inadequate. Fuzzy Delphi
Method (FDM) manages ambiguity in expert
judgments, assesses consensus, and refines
literature-derived factors through a multi-stage
decision-making logic (Ebrahimi & Bridgelall, 2021;
Shafaei et al., 2025). DEMATEL reveals direct and
indirect relationships, distinguishes causal from
effect factors, and identifies root barriers for
prioritizing actions (Si et al., 2018). Accordingly, this
study validates barriers using FDM and applies
DEMATEL  hierarchically: first among five
dimensions and then within each dimension.

2. Methodology

The present study was conducted over a four-month
period, from May to September 2025. Data were
collected through a review of relevant literature and
fieldwork, including interviews and questionnaires.
First, a literature review identified initial barriers to
SPM. Because petrochemical complexes are process-
manufacturing systems, literature-derived barriers
were used as the initial basis for the case complex.
Second, interviews and questionnaires were used to
assess the relevance and influence of these barriers
through expertjudgment.

The study population comprised petrochemical
managers and specialists with maintenance and
sustainability expertise. Snowball sampling selected
six experts with relevant education, substantial
experience, and familiarity with operational,
planning, and maintenance processes. The panel
included four senior managers, one middle manager,
and one supervisor; three experts held doctoral
degrees, and three had more than 30 years of
experience. They also had professional interaction
with other southern Iranian petrochemical
complexes. The FDM screened and validated the
literature-derived  barriers. = DEMATEL  was
subsequently applied hierarchically: an integrated
model analyzed relationships among five main
dimensions, while separate models examined
barriers within each dimension. This structure
reduced pairwise-comparison burden and supported
evaluation quality.

3. Results and Discussion

The FDM results showed that 25 initial barriers were
evaluated in the first round. Based on the acceptance
threshold of 0.70 for defuzzified scores, four barriers
did not receive sufficient expert support and were
removed from the subsequent analysis. Accordingly,
21 validated barriers were retained and reassessed in
the second round. The defuzzified scores of the
retained barriers ranged from 0.7000 to 0.7889,
indicating that all of them met the required
acceptance threshold. Moreover, the absolute
differences between the defuzzified scores of the two
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rounds were below 0.10 for all validated barriers.
These results indicate relative stability in expert
judgments; therefore, the fuzzy Delphi process was
concluded after the second round, and the 21
validated barriers were entered into the DEMATEL
analysis.

In the DEMATEL stage, the cause-and-effect
relationships among the five main dimensions of
barriers—organizational, social, environmental,
technological, and financial—were analyzed, as
presented in Table 1.

Table 1. Influence, influenced degree, total importance,
and net effect of main dimensions

Dimensions r c r+c r-c
Organizational ) \\ 5 860 4.904 -0.816
Barriers (Ci)
Social Barriers 5 10, 13 5.115 1.653
(C2)
Environmental o5 5,35 473y 1737
Barriers (C3)
Technological ;)7 5 059 5295 1178
Barriers (Ca)
rinecctel 2386 2.664  5.050 -0.278

Barriers (Cs)

The results indicated that in terms of net effect (r-c),
social barriers with a value of 1.653 and technological
barriers with 1.178 were identified as causal and
driving factors. In contrast, environmental barriers
with -1.737, organizational barriers with -0.816, and
financial barriers with -0.278 were classified as effect
and influenced factors. Furthermore, in terms of
total importance (r+c), technological barriers ranked
first with a value of 5.295, while social, financial,
organizational, and environmental barriers, with
values of 5.115, 5.050, 4.904, and 4.734, respectively,
were placed in the second to fifth ranks. To visually
represent these relationships, the cause-and-effect
diagram of the main barrier dimensions is presented
in Figure 1.

2.0
C2 (5.115,1.653)

)’ €4 (5.295,1.178)

»

~

N\

AN
N
NN

1.0 77
I
|
|

|

/

I
/|
7T

|

6.0

N2
N\
N
~

a
2
®
o
S
K

==

2
2

LN

LN

~\
AN

~

~~

/ /
/o P
/ // Ve
i
-

‘Y
C3 (4.734,-1.737) &«

Figure 1. Cause—effect diagram of main dimensions.
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Furthermore, the cause—effect relationships among
the sub-barriers within each main dimension are
depicted in Figures 2—6. At the sub-barrier level,
“lack of a green maintenance strategy” (Cr), “lack of
awareness of the importance of maintenance” (Ca),
“lack of stakeholders’ awareness of green
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maintenance” (Cs2), “shortage of specialists for
maintaining green technology” (Cs), and “concern
about production shutdowns” (Cs) recorded the
highest net-effect values within the organizational,
social, environmental, technological, and financial
dimensions, respectively. Their net-effect values (r-
©) were 1337, 0.634, 1143, 0.731, and 0.654,
respectively. Accordingly, these barriers were
identified as the most influential causal drivers
within their respective dimensions and should be
prioritized in  efforts to facilitate @ SPM
implementation in the petrochemical complex.

15 C12 (4.206,1.337)

N~
\\ S~
10 N ~ -
\\ o
\ N
N\ N
0.5 C15 (3.987,0.348) N\ N
N\ \
Q AN \
/] N \
// [N \ I
¥ 0.0 t 1
30 / \ N 5.3‘\ /
/ \ N C14 (5.134,-0.315) /
\ N 4¢
———— )/
-0.5 ‘E ~ \\ /y
C13 (3.599 ,-0.44) So N /7
~~ \\ /'y
1.0
C11 (4.912,-0.929)

L5
r+c

Figure 2. Cause—effect diagram of organizational

barriers.
1.0
€21(3.966,0.634)
s o
08 C22(2.84,03%) ___———"" s
——— -
— s
@ p
\ e
| 7
A 7
i 00 A\
2l5 \ //
\ /
\ /
\ /
A\ /
-0.5 \\ //
\ /
\ /
N7
N
Ny C23(3.241,-0.971)
1.0

r+c

Figure 3. Cause—effect diagram of social barriers.
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Figure 6. Cause—effect diagram of financial barriers.

Sensitivity analysis across four expert-weighting
scenarios supported the robustness of the results. Of
78 rank comparisons, 70 (89.74%) remained
unchanged, and the sign of the net-effect index (r-c)
was stable for all main dimensions and sub-barriers.
Thus, the causal—effect classification was unaffected
by changes in expert weights.

The findings are broadly consistent with previous
research. The causal role of a lack of a green
maintenance strategy supports the management-
related SPM barriers identified by Karuppiah et al.
(2021) and the organizational-managerial barriers
reported by Turan and Caloglu Buyikselcuk (2025).
The importance of maintenance awareness and
stakeholder engagement is also consistent with
(Moakedi et al., 2026). Moreover, the causal role of
specialist shortages and technological barriers aligns
with the emphasis on technical capabilities in
Maintenance 4.0 studies (Ghasemian Sahebi et al.,
2025; Nagy et al, 2026). Finally, concern about
production shutdowns supports the findings of El
kihel et al. (2022) regarding the role of advanced
maintenance in improving availability and reducing
unplanned downtime. Accordingly, Managers
should adopt a phased approach by establishing a
green  maintenance  strategy, strengthening
employee and stakeholder capabilities, gradually
developing technological infrastructure through
pilot projects, and expanding SPM through cost—
benefit analysis and production-shutdown risk

management. This sequence can limit the escalation
of technological and social barriers into wider
organizational, environmental, and financial
challenges.

4. Conclusions

This study identified, validated, and analyzed
barriers to sustainable predictive maintenance
implementation in a petrochemical complex. Of 25
literature-derived Dbarriers, 21 were validated
through fuzzy Delphi and assessed using hierarchical
DEMATEL. At the main-dimension level, social and
technological barriers were causal, whereas
organizational, environmental, and financial barriers
were effect dimensions. Technological and social
barriers showed the highest centrality in the barrier
network. The findings indicate that SPM
implementation requires more than financial
resources or environmental requirements; it also
depends on a green maintenance strategy, employee
awareness and participation, technological skills,
and infrastructure.

Data were collected from a petrochemical complex
and six experts; therefore, findings should be
interpreted as a case study and generalized
cautiously. Results are based on expert judgments
and may reflect experience. Moreover, the
hierarchical design analyzed relationships among
main dimensions jointly but assessed sub-barriers
separately rather than in an integrated model. The
cross-sectional design did not capture changes over
time. Future research should conduct multi-case
studies, involve larger expert panels, compare
petrochemical sites, and apply methods such as ISM—
MICMAC, DEMATEL-ISM, BWM, ANP, or integrated
barrier modeling. Studies may examine how
industrial IoT, artificial intelligence, digital twins,
data security, and explainable models can reduce
SPM implementation barriers.
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Table 6. Results of barrier screening and validation using FDM
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Table 8. Normalized direct-relation matrix of main dimensions
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Figure 7. Cause—effect diagram of financial barriers.
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Figure 11. Sensitivity analysis of environmental

barriers.
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Figure 12. Sensitivity analysis of technological
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dimensions.
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Table 13. Experts’ judgment matrices for the main dimensions

BT G C GC GCi Gs E2 C C GC Ci GCs Ez CG C GC Ci Gs
Ci = . \ . 0 (o) = . \ . \ (o) - \ . . \
C. o - . \ . C \ - \ \ . C \ - . Y .
Cs \ . _ . \ Cs . . _ \ . Cs . \ _ . .
Ce - | \ - . Ce - . | - Y Cs - . . - )
Cs ¢ . Y . = Cs ) . Y . - Cs Y . \ . -
Es C C GC Ci GCs Es C C € Ci GCs EE C ©C € Ci GCs
C — . \ . \ C: — . . \ . C: — \ . . .
C2 \ - . \ \ C \ - . \ . C2 \ - . \ .
Cs . . — . . Cs . \ — . . Cs \ . — . .
(o \ \ \ - \ Cy \ . . - \ Cy o . \ - Y
Cs . . . \ — Cs \ . . . — Cs . \ \ . —

Table 14. Experts’ judgment matrices for the organizational barriers
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Cis o o \ o = Cis \ . \ o = Cis \ . \ . -
Es Ci Co Cs Cu Cs Es Ci Co Cs Cu Cs Es Ci Cn GCs Cu GCs
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Co Y = o \ \ Cn o = & o o Cn \ = o \ .
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Table 15. Experts’ judgment matrices for the social barriers
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Table 16. Experts’ judgment matrices for the environmental barriers
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Table 17. Experts’ judgment matrices for the technological barriers
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Table 18. Experts’ judgment matrices for the financial barriers

E: Cs1 Cs2 Css3 Css E: Cs1 Cs2 Css Css Es Cs1 Cs2 Cs3 Csa
Csi = \ \ c Cs1 = \ \ c Cs1 = \ \ .
Cs2 \ = . ) Cs2 \ = . ) Cs2 \ = e \
G . . - . G . . - . G . . - .
Css . \ . — Css . \ . — Css . \ . —
E4 Cs1 Cs2 Css3 Css Es Cs1 Cs2 Css Css Es Cs1 Cs2 Cs3 Csa
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