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Featured Application

The BPMN-based process formalization approach developed in this study can support
maintenance-intensive organizations by improving corrective maintenance coordination,
CMMS utilization, workflow traceability, and knowledge transfer between internal de-
partments and external service providers, particularly in electricity distribution environ-
ments.

Abstract

Maintenance management increasingly depends on effective information flow and coor-
dination between internal teams and external service providers. This study investigates
the use of Business Process Model and Notation (BPMN) to support the formalization of
Computerized Maintenance Management System (CMMS) workflows and improve trans-
parency, decision-making, and interorganizational coordination. A single case study was
conducted in the maintenance department of an electricity distribution company charac-
terized by tacit knowledge, informal communication practices, and limited process for-
malization. Existing corrective maintenance workflows were analyzed and modeled us-
ing BPMN to identify inefficiencies, decision points, and opportunities for improvement.
The proposed BPMN models were aligned with CMMS operational states associated with
anomaly management and work-order execution processes and supported by a proce-
dural manual. Results obtained during a three-month observation period suggest reduc-
tions in training time, email communications, and dependence on individual decision-
makers, together with increased use of CMMS workflow functionalities and improved
process traceability. These findings provide preliminary evidence, derived from opera-
tional indicators within a single case study, that BPMN-supported process formalization
may contribute to workflow standardization, operational clarity, and knowledge
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management in maintenance-intensive environments. Given the single-case design and
limited observation period, the results should be interpreted as context-specific and not
directly generalizable to the broader energy sector.

Keywords: maintenance management; Business Process Model and Notation (BPMN);
Computerized Maintenance Management System (CMMS); information flow
management; process formalization; decision-making support; electricity distribution
sector; maintenance workflows; knowledge transfer

1. Introduction

Maintenance management has become increasingly relevant in industrial organiza-
tions due to the growing complexity of operational systems, the intensification of asset
utilization, and the increasing pressure to ensure reliability, availability, and cost effi-
ciency [1-5]. In highly competitive and asset-intensive sectors, maintenance activities play
a central role in minimizing operational disruptions, reducing lifecycle costs, and ensur-
ing the long-term sustainability of critical infrastructures [1,5-9]. As maintenance costs
continue to increase across industrial environments, organizations are progressively re-
quired to adopt more efficient management practices and information systems capable of
supporting decision-making and operational coordination [3,6,10-12].

Despite the technological evolution of maintenance information systems, the litera-
ture consistently highlights persistent limitations associated with information flow man-
agement in maintenance environments [2,3,6,13]. Communication failures, fragmented
workflows, insufficiently documented procedures, and poorly supported decision-mak-
ing processes continue to negatively affect organizational performance [6,12-14]. In prac-
tice, these limitations are frequently associated with a strong dependence on informal
communication mechanisms, unstructured information-sharing channels, and the con-
centration of operational knowledge and decision-making authority in a limited number
of experienced employees [3,6,12,13]. Such conditions create significant organizational
vulnerabilities, including reduced transparency, inefficient dissemination of critical infor-
mation, loss of organizational knowledge caused by staff turnover, and lower resilience
of maintenance systems when facing operational variability or unexpected events [13-17].

These challenges become particularly significant in the electricity distribution sector,
where maintenance operations involve a high degree of interdependence between inter-
nal departments and external service providers [9,17-19]. The coexistence of multiple or-
ganizational actors, shared information systems, and parallel communication flows often
results in fragmented coordination, delays in decision-making, and limited visibility re-
garding the actual status of field interventions [2,13,18,20]. In highly regulated environ-
ments, where service continuity, operational safety, and compliance with technical re-
quirements are essential, organizations increasingly require structured approaches capa-
ble of improving process standardization, information flow transparency, and coordina-
tion among stakeholders [9,15,18,21,22].

Within this context, Business Process Model and Notation (BPMN) has emerged as
one of the most widely adopted graphical standards for representing and modeling or-
ganizational processes [20,23-27]. BPMN facilitates the visualization, communication, and
analysis of workflows by providing a standardized representation of activities, responsi-
bilities, decision points, and information exchanges [20,21,23,25,28]. Nevertheless, BPMN
should not be interpreted as a process improvement methodology by itself. Rather, it acts
as a conceptual and visual mechanism that enables organizations to formalize processes,

https://doi.org/10.3390/app16136316


https://doi.org/10.3390/app16136316

Appl. Sci. 2026, 16, 6316

3 of 37

identify inefficiencies, externalize operational knowledge, and support broader process
management and continuous improvement initiatives [13,22,23,27,28].

Previous studies have demonstrated the applicability of BPMN across different in-
dustrial and organizational contexts. Jasiulewicz-Kaczmarek et al. [29] highlighted its con-
tribution to process visualization and operational clarity in the medical device industry.
Salvadorinho and Teixeira [13] emphasized its role in knowledge retention and organiza-
tional learning within Industry 4.0 (I4.0) environments, while Muehlen and Ho [28]
demonstrated its positive effects on communication and process redesign in complex in-
dustrial settings. Other studies have also explored the integration of BPMN with digital
technologies, maintenance strategies, and operational workflows, reinforcing its relevance
as a support mechanism for organizational process management [1,5,7,14,30,31].

However, despite these contributions, empirical research addressing the operational
integration between BPMN-based process modeling and Computerized Maintenance
Management Systems (CMMSs) remains limited, particularly in maintenance-intensive
environments [2,3,6,32]. Existing studies predominantly focus on process representation
or digital transformation initiatives, while comparatively little attention has been given to
understanding how BPMN can support decision-making, improve information flow, and
strengthen coordination between internal maintenance departments and external service
providers through its alignment with CMMS operational states and workflows
[2,10,13,18,21]. This gap becomes especially relevant in the electricity distribution sector,
where effective coordination between the Maintenance Management Office (MMO) and
subcontracted entities is essential to ensure service reliability, operational safety, and con-
tinuity of supply [9,15,17-19].

Effective communication represents a critical element in maintenance operations,
particularly during incident management, task coordination, and interactions with exter-
nal suppliers [13,17]. In such environments, maintenance information systems play a fun-
damental role in supporting the storage, processing, and use of operational data for deci-
sion-making purposes [3,10-12]. Nevertheless, the absence of standardized procedures
and structured process documentation continues to limit the effective utilization of these
systems, reinforcing dependence on tacit knowledge and individual experience [3,6,12—
14]. Addressing these limitations requires the integration of information systems with
process modeling approaches capable of improving workflow transparency, supporting
process standardization, and strengthening organizational decision-making capabilities
[2,7,13,29,33,34]. Based on this context, the present study addresses the following research
questions (RQs):

RQ1: How can process-oriented approaches improve information flow and decision-
making in maintenance environments?

RQ2: What organizational limitations affect information flow and coordination be-
tween maintenance stakeholders?

RQ3: How can BPMN integrated with CMMS workflows contribute to improving
operational coordination and process formalization in maintenance management?

To address these questions, the study draws upon relevant literature and an in-depth
case study conducted in a company operating in the electricity distribution sector. The
research focuses on the application of BPMN-based process modeling in a single organi-
zational context integrated with existing maintenance management systems to analyze its
contribution to decision-making support, organizational coordination, employee training,
and information flow management between the MMO and external service providers.

This study contributes to the literature in three main ways. First, it combines insights
from the literature with empirical evidence from an industrial case study, bridging theo-
retical perspectives and operational practice in maintenance management. Second, it pro-
poses a practical approach for aligning BPMN-based process models with CMMS
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operational workflows and decision points, contributing to improved coordination and
information management in maintenance environments. Third, it provides empirical evi-
dence from a single case study in the electricity distribution sector, offering insights into
how process formalization may support operational efficiency, communication,
knowledge transfer, and organizational resilience in maintenance-intensive contexts.

The contribution of this study does not lie in BPMN itself, but in demonstrating how
BPMN-based process formalization aligned with CMMS operational states can support
information governance, interorganizational coordination, workflow standardization,
and decision-making consistency in maintenance-intensive environments.

The remainder of this paper is structured as follows. Section 2 presents the literature
background and identifies the research gap, addressing maintenance information systems
and CMMS, BPMN and process modeling in maintenance, and information flow chal-
lenges in maintenance environments. Section 3 describes the research methodology, in-
cluding the research design, theoretical positioning, case study context, data collection
procedures, process modeling and intervention approach, and validation methods. Sec-
tion 4 presents the case study context and the current-state analysis, focusing on the or-
ganizational context, the existing maintenance management process, and the identified
operational limitations. Section 5 introduces the BPMN-based process redesign and
CMMS integration strategy, including operational states, BPMN process models and sub-
processes, and the development of a procedural manual for knowledge transfer. Section
6 discusses the results and implications of the study, examining the operational and or-
ganizational impacts of BPMN implementation, process formalization, decision-making
and interorganizational coordination, as well as implementation challenges, transferabil-
ity, and research implications. Finally, Section 7 presents the conclusions of the study.

2. Literature Background and Research Gap

This section presents the theoretical background supporting the study. First, it dis-
cusses maintenance information systems, with particular emphasis on CMMS. Then, it
examines BPMN and process modeling in maintenance contexts. Finally, it addresses in-
formation flow challenges in maintenance environments and synthesizes the main re-
search gaps that justify the proposed study.

2.1. Maintenance Information Systems and CMMSs

Maintenance information systems play an important role in identifying, coordinat-
ing, and integrating internal and external information flows [2,5,11,12,29]. They support
the collection, storage, processing, and use of data for planning, control, performance
monitoring, and decision-making. Among these systems, CMMSs are widely used plat-
forms based on centralized databases that facilitate the planning, control, and monitoring
of maintenance activities across technical, financial, and organizational dimensions
[11,12,35-37].

CMMSs enable the coordination of services, equipment, materials, and human re-
sources by connecting different operational areas, including technical departments, ad-
ministrative units, and warehouses. This integration allows organizations to obtain a
broader view of maintenance operations, improving control over work orders (WOs), as-
set management, intervention histories, resource allocation, and maintenance-related
costs [6,11,12,29].

However, the effectiveness of a CMMS depends strongly on the existence of stand-
ardized processes and structured communication practices. When these elements are ab-
sent, CMMSs tend to be used mainly as information repositories, without fully exploiting
their potential for analysis, coordination, and decision support [15,17,25,28]. In such situ-
ations, the benefits of digital maintenance systems may be limited by fragmented

https://doi.org/10.3390/app16136316


https://doi.org/10.3390/app16136316

Appl. Sci. 2026, 16, 6316

5 of 37

workflows, inconsistent information entry, and insufficient alignment between system
functionalities and actual operational practices.

Additional limitations are associated with the continued reliance on informal com-
munication channels, particularly email, and with the absence of formalized procedures
[2,6,12,14,31]. These limitations reduce transparency, make operational traceability more
difficult, and weaken the overall efficiency of maintenance processes [6,14,31]. They are
especially relevant in electricity distribution contexts, where coordination between inter-
nal maintenance teams and external service providers directly affects service continuity,
safety, and operational responsiveness [7,9,14,17-19].

In this context, the literature suggests that the integration between CMMSs and pro-
cess modeling tools, such as BPMN, remains insufficiently explored [2,5,6,14,29]. This lim-
itation affects the ability of organizations to structure, visualize, and optimize mainte-
nance-related information flows. Therefore, approaches combining digital maintenance
systems with process formalization tools are needed to improve the use of CMMS func-
tionalities and strengthen decision-making in maintenance management [2,6,14,20,27,35].

2.2. BPMN and Process Modeling in Maintenance

Process modeling is a relevant mechanism for improving operational efficiency and
communication among maintenance stakeholders [22,23,25,28,33]. By representing activ-
ities, responsibilities, decisions, and information flows in a structured way, process mod-
eling supports the analysis and improvement of organizational processes [14,22,23,29,33].

BPMN is a standardized graphical notation widely used to represent organizational
processes through elements such as events, tasks, gateways, sequence flows, message
flows, and lanes [20,22-24,30,31,38]. The main advantage of BPMN lies in its ability to
translate complex processes into visual representations that can be understood by differ-
ent stakeholders, regardless of their technical background [20,23,25,28,39]. The BPMN el-
ements used in this study are summarized in Table Al.

Although BPMN is frequently associated with process improvement initiatives, it
should not be considered a process improvement methodology in itself [13,20,25]. Rather,
BPMN is a process representation tool that enables organizations to make operational
practices explicit, identify inefficiencies, clarify responsibilities, and support broader im-
provement initiatives [7,13,14,20,23,24]. In this sense, BPMN differs from Business Process
Management (BPM), which has a broader managerial and strategic orientation, and from
process mining, which depends on event logs to discover and analyze actual process be-
havior [13,20,34].

In maintenance environments characterized by heterogeneous teams, limited data
maturity, informal practices, and strong dependence on tacit knowledge, BPMN is partic-
ularly useful [2,3,7,13]. It enables the formalization of operational routines, supports the
standardization of procedures, and facilitates communication between internal and exter-
nal stakeholders [7,14,21,23,28]. This is especially relevant when maintenance activities
involve multiple actors and decision points, as in incident management, WO validation,
supplier coordination, and field intervention monitoring [2,14,18,21].

Several studies have associated BPMN with improved communication, greater clar-
ity in task execution, and better alignment between organizational actors and information
systems [11,13,26,28,29,31,36]. In energy-related contexts, BPMN has been applied to
model complex processes such as incident management, operational coordination, and
maintenance planning, contributing to reduced redundancy and more efficient resource
allocation [9,14,18,19,21]. These characteristics make BPMN a promising tool for support-
ing the alignment between maintenance workflows and CMMS functionalities
[5,7,13,29,36].
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2.3. Information Flow Challenges in Maintenance Environments

Despite the increasing adoption of information systems, maintenance organizations
continue to face significant challenges related to information flow management. These
challenges are not only technological, but also organizational and behavioral [2,5,10,13].

One of the main challenges identified in the literature is the absence or undervalua-
tion of information management roles. When responsibilities for organizing, validating,
and disseminating information are not clearly defined, asymmetries in information flow
may emerge between departments and between organizations. These asymmetries can
reduce communication quality, increase the risk of information loss, and negatively affect
decision-making [6,10,34,40-43].

Another relevant challenge concerns interdisciplinary collaboration, both internally
and externally. Maintenance processes often involve actors with different objectives, tech-
nical languages, responsibilities, and operational priorities [14,17,28,31]. This diversity
can hinder the implementation of structured solutions and limit the effective adoption of
tools such as BPMN, flowcharts, Building information modeling (BIM), or digital work-
flow systems [8,14,24,28,44-46].

Resistance to change is also a recurrent barrier, particularly in organizations where
knowledge is predominantly tacit and based on individual experience [10,12,13]. In such
contexts, the formalization of processes may be perceived as a restriction on professional
autonomy, making adoption more difficult. This situation can be intensified when em-
ployees are accustomed to informal procedures and when the value of process documen-
tation is not clearly communicated [6,10,13,28,42].

The literature also highlights the lack of systematic data collection and analysis prac-
tices as an important limitation [3,14,43]. Inconsistent terminology, non-standardized rec-
ords, and insufficient awareness of the purpose of collected data can hinder information
integration and reduce the effective use of maintenance management systems [2,3,6,14,47].
These limitations may lead to operational inefficiencies, duplicated efforts, decision-mak-
ing delays, and reduced responsiveness to incidents [3,13,14,36,43].

Therefore, improving information flow in maintenance requires more than the im-
plementation of digital tools [2,5,13]. It requires structured models that clarify responsi-
bilities, standardize communication, organize information exchange, and support coordi-
nation among stakeholders [2,5,13,14,43]. This reinforces the relevance of integrating pro-
cess modeling approaches with maintenance information systems [2,5,6,13,14].

2.4. Literature Synthesis and Research Gap

The literature indicates [4,21,41,48-51] that process-oriented tools and digital mainte-
nance systems have been increasingly adopted to improve information flow, operational
coordination, and decision-making in industrial environments. BPMN, flowcharts, BPM,
BIM, simulation, workflow management systems, and data-driven approaches have been
applied across sectors such as energy, manufacturing, infrastructure management, and
industrial services [17,18,39,52,53]. A comparative synthesis of representative studies is
provided in Table A2. To provide a clearer synthesis of the reviewed literature, the studies
were grouped according to five dominant research streams: (i) BPMN and workflow/pro-
cess formalization and standardization, (ii) BPMN combined with simulation and deci-
sion-support tools, (iii) BPMN and digital transformation technologies, (iv) BPM, BIM,
Enterprise Resource Planning (ERP), and Lean-based maintenance/process improvement
approaches, and (v) CMMS and maintenance information flow studies. This thematic or-
ganization enables a more explicit comparison of application contexts, methodological
approaches, contributions, and limitations relative to the present study.

Existing studies show that process-oriented tools contribute to improving infor-
mation visibility, workflow standardization, communication, and operational
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coordination [33,43,46,54,55]. BPMN-based approaches are particularly relevant in con-
texts where organizations need to represent complex activities, clarify responsibilities,
and support interactions among multiple stakeholders [32,34,44]. Similarly, digital sys-
tems such as CMMS and ERP platforms provide the technological infrastructure required
for data storage, process monitoring, and operational control [6,47,56].

However, the literature also reveals important limitations. Many studies focus pri-
marily on conceptual models, isolated process representations, or digital transformation
initiatives without deeply examining how process models can be operationally aligned
with maintenance information systems [30,38,57]. In particular, empirical evidence re-
garding the integration of BPMN-based process formalization with CMMS operational
workflows remains limited, especially in maintenance-intensive environments involving
both internal departments and external service providers [7,14,32,38,48,51].

This gap is particularly relevant in electricity distribution contexts, where frag-
mented communication, reliance on email, tacit knowledge, and unclear responsibilities
may compromise operational coordination and reduce the effective use of maintenance
information systems [17,18,21].

To improve readability, a synthesis of the reviewed literature is provided in Table 1.
This table complements the detailed classification presented in Table A2 (Appendix A) by
offering a high-level overview of the main research streams and their key limitations.

Table 1. Compact synthesis of BPMN-CMMS literature streams and key limitations.

Research Stream Main Focus Key Limitation
BPMN process formalization Workflow standardiz'ation and role clarifica- Limited CMMS operational align-
tion ment
BPMN and simulation/decisi
and simulation/decision Optimization and scenario analysis Weak real-world implementation

support

BPMN and digital transformation

Artificial intelligence, Internet of Things, dig-  Focus on technology rather than
ital twins, automation workflow integration

BPM/BIM/ERP/Lean approaches Process efficiency and documentation Lack of BPMN-CMMS linkage

CMMS studies

Maintenance execution and data manage-  Limited process formalization per-
ment spective

Based on the literature synthesis, Figure 1 presents a conceptual BPMN-CMMS inte-
gration framework for maintenance information flow management. The framework sum-
marizes the main organizational challenges identified in maintenance environments, the
role of BPMN-based process formalization, the alignment with CMMS operational work-
flows, and the organizational outcomes discussed in the literature regarding BPMN-
CMMS integration.

The framework does not represent a validated theoretical model, but rather a con-
ceptual synthesis intended to support the analytical positioning of the present study and
to illustrate the relationships identified in the literature between maintenance challenges,
process formalization, BPMN-CMMS integration, and organizational outcomes.

The framework follows a sequential logic linking organizational challenges, process
formalization, BPMN-CMMS alignment, and operational outcomes. The first stage repre-
sents common maintenance management challenges identified in the literature, including
dependence on tacit knowledge, fragmented workflows, informal communication prac-
tices, CMMS underutilization, and limited operational coordination. These challenges re-
duce process visibility, hinder information accessibility, and increase dependence on in-
dividual expertise.
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/1. Maintenance Environment Challenges
Tacit knowledge
# Informal communication
Fragmented workflows
CMMS underutilization
Poor operational coordination

¥

2. BPMN-Based Process Formalization
Workflow standardization

Responsibility clarification

Structured information flow

Knowledge externalization

v

/—3. BPMN-CMMS Integration
BPMN process modeling

CMMS operational states

Workflow traceability

Shared process visibility

v

4. Organizational Outcomes

Improved decision-making

Better coordination

Reduced email dependency

Knowledge transfer

Increased traceability Y,

Figure 1. Conceptual BPMN-CMMS integration framework for maintenance information flow man-

agement.

In response, the second stage highlights BPMN-based process formalization as a
mechanism for workflow standardization, responsibility clarification, structured infor-
mation flow, and knowledge externalization. By making previously informal procedures
explicit, BPMN supports the development of shared process representations and reduces
ambiguity in maintenance execution.

The third stage represents the alignment between BPMN process models and CMMS
operational workflows. Through the association of BPMN activities, decision points, and
stakeholder responsibilities with CMMS operational states, organizations can improve
workflow traceability, increase process visibility, and promote more consistent use of
maintenance information systems. In this context, BPMN functions as a procedural and
governance mechanism rather than as an automated software integration layer.

Finally, the framework suggests that the combined effect of process formalization
and BPMN-CMMS alignment may contribute to improved decision-making, stronger in-
terorganizational coordination, reduced dependence on informal communication chan-
nels, enhanced knowledge transfer, and greater process traceability. These relationships
are presented as a conceptual synthesis derived from the literature and provide the ana-
lytical foundation for the empirical investigation conducted in this study.

Existing studies predominantly focus on process modeling, simulation, digital trans-
formation initiatives, or maintenance information systems separately. Few empirical stud-
ies explicitly examine the operational alignment between BPMN-based process formali-
zation and CMMS workflow states in maintenance-intensive environments involving
both internal maintenance departments and external service providers to support infor-
mation flow, decision-making, and interorganizational coordination. This limitation de-
fines the specific research gap addressed by the present study.

Accordingly, the present study analyzes the integration of BPMN-based process model-
ing with CMMS operational workflows in a real electricity distribution company. Specifically,
it examines how this integration supports information flow, decision-making, knowledge
transfer, and coordination between the MMO and an external service provider [4,49,51].
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3. Materials and Methods

This section presents the methodological approach adopted in the study, including
the research design, theoretical positioning, case study context, data collection proce-
dures, process modeling strategy, and validation approach used to assess the proposed
solution.

3.1. Research Design

This study adopts a structured and sequential methodological approach aimed at
identifying, analyzing, and implementing solutions to improve information flow manage-
ment in maintenance environments. The methodological design was developed to con-
sistently articulate a theoretical component, supported by a structured literature analysis,
with an empirical component based on an applied case study, thereby ensuring both sci-
entific rigor and practical relevance [58,59].

From an epistemological perspective, the study follows an action research approach,
since the researcher assumes an active role in the diagnosis, modeling, and improvement
of organizational processes in close collaboration with the professionals involved [60].
This approach is particularly suitable for the context under analysis, characterized by
poorly formalized processes and a strong dependence on tacit knowledge. It allows not
only the observation of organizational practices, but also direct intervention in their trans-
formation and the evaluation of the implemented solutions [58,60].

The methodological process began with the definition of the research problem, sup-
ported by a preliminary diagnosis of the limitations associated with information flow man-
agement within the maintenance department of the organization under study. This diagno-
sis was conducted through initial interactions with organizational stakeholders and the
analysis of existing operational practices, enabling the identification of weaknesses related
to communication, information traceability, and process structuring [59]. Based on this anal-
ysis, the research questions that guided both the theoretical and empirical stages of the study
were defined. The intervention evolved iteratively through repeated validation and adjust-
ment cycles involving maintenance managers, technical personnel, and TSC representa-
tives, consistent with action research principles. To ensure a structured progression between
problem identification, theoretical grounding, empirical analysis, process intervention, and
validation, the research was organized into six sequential phases. Table 2 summarizes the
main phases of the methodological approach adopted in the study.

Table 2. Main phases of the research methodology adopted in the study.

Phase

Description Main Output

Phase 1: Problem Diagnosis

Identification of the research problem and  Definition of the research questions and
preliminary organizational diagnosis identification of operational limitations

Phase 2: Theoretical Foun-
dation

Structured literature analysis on CMMS,  Theoretical and conceptual positioning of
BPMN, and information flow management the study

Phase 3: Research Design

Definition of the action research strategy and Selection of methods, stakeholders, and unit
case study scope of analysis

Phase 4: Data Collection Observation, interviews, documentary analy-Identification of communication gaps, ineffi-

and As-Is Analysis

sis, and mapping of existing processes ciencies, and operational workflows

Phase 5: Process Modeling
and Intervention

Development of BPMN-based To-Be models Proposal of improved workflows and pro-
and process formalization cess standardization

Phase 6: Validation and
Evaluation

Validation with stakeholders and compara-  Evaluation of operational improvements
tive performance assessment and lessons learned
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3.2. Literature Background and Theoretical Positioning

The theoretical foundation of the study was supported by a structured and targeted
review of the literature aimed at identifying approaches, tools, and limitations associated
with maintenance information systems and process modeling [61-63]. Although not con-
ducted as a formal systematic literature review, the analysis followed a rigorous and se-
lective approach, prioritizing recent and relevant studies aligned with the objectives of
the research, particularly in the areas of CMMS, BPMN, and information flow manage-
ment in industrial environments.

The findings obtained from the literature analysis contributed to positioning the re-
search problem within the current state of knowledge and supported the selection of
BPMN as the central approach for process modeling and process formalization [64,65].
The choice of BPMN was justified by its standardized nature, broad industrial adoption,
and ability to represent complex processes involving multiple stakeholders and decision
points in a clear and structured manner [13,23,28,29,38].

In particular, BPMN elements such as gateways and lanes allow the explicit repre-
sentation of decision logic and responsibility distribution, which are critical aspects in
maintenance processes characterized by strong interdependence between internal teams
and external service providers [13,14,28,38]. Alternative approaches, including Data Flow
Diagrams and Event-driven Process Chains, were also considered [23,28,31,40]. However,
they were found to be less suitable for capturing the complexity, interaction dynamics,
and coordination requirements associated with the analyzed maintenance processes
[20,21,23,31,40].

3.3. Case Study Context

The empirical component of the study was developed through an in-depth case study
conducted within the maintenance department of a company operating in the electricity
distribution sector. The selection of this context was motivated by its operational rele-
vance, the complexity of maintenance activities, and the strong dependence on coordina-
tion between different organizational entities.

The unit of analysis focused on incident management processes involving interac-
tions between the internal MMO and an external service provider, identified in this study
as the Technical Service Contractor (TSC). These processes involve multiple communica-
tion exchanges, operational validations, and decision points supported by the organiza-
tion’s CMMS platform.

The electricity distribution sector represents a particularly relevant context for this
study due to the critical importance of operational continuity, rapid incident response,
regulatory compliance, and coordination between internal and external stakeholders. Fur-
thermore, the coexistence of formal and informal communication practices makes this en-
vironment especially suitable for analyzing the role of process formalization in improving
information flow and maintenance coordination.

3.4. Data Collection

Data collection followed the principle of methodological triangulation, combining
multiple sources of evidence to increase the robustness and credibility of the findings.
Three main data collection techniques were employed [58,59].

First, direct observation of operational activities was conducted to understand actual
workflows, identify informal practices, and analyze interactions between the MMO and
the external service provider. This approach enabled the identification of communication
bottlenecks, redundancies, and operational dependencies not fully documented in formal
procedures [58].
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Second, documentary analysis was carried out using internal documentation and rec-
ords extracted from the CMMS platform. These documents included anomaly records, WO
records, workflow state histories, maintenance validation records, budgeting records, com-
munication logs, and other process-related records, allowing the characterization of existing
workflows, decision points, communication patterns, and system usage practices [59].

Third, semi-structured interviews were conducted with managers and technical per-
sonnel involved in maintenance operations. These interviews supported the collection of
perceptions regarding existing limitations, process inefficiencies, communication prac-
tices, and improvement opportunities. They also contributed to validating the interpreta-
tion of observed workflows and understanding organizational dynamics associated with
maintenance coordination and decision-making [58,60].

3.5. Process Modeling and Intervention

The intervention phase followed a classical process modeling approach based on the
As-Is and To-Be cycle [64,65]. Initially, existing processes were mapped in their current
state (As-Is) to identify inefficiencies, redundancies, communication gaps, and critical de-
cision points affecting maintenance operations and information flow.

Based on the identified limitations, improved process models (To-Be) were devel-
oped using BPMN [64,66]. These models aimed to formalize workflows, clarify responsi-
bilities, standardize communication practices, and improve coordination between the
MMO and the external service provider.

The BPMN models were subsequently incorporated into a procedural manual in-
tended to support the execution and standardization of maintenance activities. The devel-
oped models underwent iterative validation cycles with end users and organizational
stakeholders to ensure technical consistency, operational applicability, and alignment
with the practical needs of the organization [60]. As the study followed an action research
approach, validation was conducted through successive stakeholder review sessions
throughout the modeling phase whenever workflow refinements were proposed, rather
than through a predefined number of formal validation cycles.

The BPMN models were developed iteratively by the authors in close collaboration
with the Maintenance Manager, maintenance technicians, the Budgeting/Estimator spe-
cialist, and representatives of the TSC. During these review sessions, the proposed work-
flows were compared with actual operational practices and with the available Anomaly
Analysis Module (AAM) and Work Order Control Module (WOCM) workflow states.
Feedback from these sessions led to refinements in process sequencing, allocation of ac-
tivities to the appropriate swimlanes, clarification of decision gateways, and adjustment
of the correspondence between BPMN activities and CMMS status transitions. In particu-
lar, the reviews helped clarify when anomalies should move between AAM states, when
WOs should be created or adjusted in WOCM, and which actor was responsible for each
validation, budgeting, execution, and closure activity. This iterative process continued
until stakeholders agreed that the models were consistent with the observed maintenance
workflows and suitable for inclusion in the BPMN-based procedural manual.

This iterative approach enabled the refinement of process representations while pro-
moting stakeholder involvement throughout the modeling and improvement stages,
which is consistent with the principles of action research and collaborative process im-
provement [60].

3.6. Validation and Evaluation

The impact of the proposed solution was evaluated through a comparative analysis
between the pre-implementation and post-implementation scenarios using both quantita-
tive and qualitative performance indicators [58,59].
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The evaluation was conducted over a three-month post-implementation observation
period focusing on the corrective maintenance workflows within the scope of the BPMN
intervention. Due to the absence of a systematically structured pre-intervention observa-
tion period, baseline data were obtained from the most recent available CMMS records
immediately prior to implementation, corresponding to a one-month pre-implementation
baseline period. These data were used as the reference for comparison with the three-
month post-implementation observation period.

During this period, 108 maintenance occurrences associated with the analyzed anom-
aly management and WO execution processes were observed. These occurrences do not
represent the total maintenance activity of the organization, but rather the subset of cases
directly related to the workflows addressed in this study.

The evaluation involved six key stakeholders directly associated with the corrective
maintenance process: one Maintenance Manager, two Maintenance Technicians, one
Budgeting/Estimator specialist, and two representatives from the external TSC. Quantita-
tive and qualitative evidence was collected from CMMS workflow records, organizational
documentation, communication exchanges associated with maintenance occurrences,
stakeholder meetings, and training activities conducted during the intervention.

The CMMS records included anomaly reports (AAM), work order records (WOCM),
workflow-state histories, and status transition information associated with the analyzed
maintenance occurrences. Given the exploratory nature of the study, the evaluation relied
on descriptive operational indicators rather than inferential statistical testing.

The main indicators considered included the training time required for new employees,
the volume of communications associated with each occurrence, the number of stakeholders
involved in decision-making processes, and the level of utilization of CMMS functionalities.
These indicators were selected due to their direct relationship with operational coordination,
information flow efficiency, and maintenance decision-making performance [58].

Because direct measures of information flow quality, such as information complete-
ness, timeliness, accuracy, information loss rate, and decision response time, were not sys-
tematically available within the organization, the evaluation relied on operational proxy
indicators. Training time, communication volume, workflow state utilization, decision-
making distribution, and workflow visibility were used as indirect indicators of infor-
mation flow effectiveness because they reflect the accessibility, traceability, dissemination,
and operational use of maintenance information throughout the process.

The evaluation process aimed to objectively assess the benefits associated with pro-
cess formalization and to analyze the effects of integrating BPMN-based process models
with the existing CMMS platform. Particular attention was given to improvements in op-
erational efficiency, communication practices, knowledge transfer, and organizational de-
cision-making capabilities within the maintenance environment [59,60].

To ensure transparency of the validation process and to link stakeholder feedback to
design decisions, Table 3 summarizes the main categories of modifications introduced
during the iterative refinement of the BPMN models. Rather than providing an exhaustive
list of all micro-adjustments, the table focuses on the most relevant and recurrent types of
changes identified across validation cycles. This structured overview highlights how
stakeholder input influenced process redesign and CMMS alignment decisions, thereby
reinforcing traceability between operational feedback and model evolution.
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Table 3. Summary of validation-driven modifications and stakeholder input during iterative
BPMN-CMMS model refinement.

Stakeholder Input Motivating

Type of Change Made Description of Modification Change
Workflow sequencing Adjustment of BPMN activity order to better reflect real exe-  Maintenance Manager and
refinement cution sequence of maintenance processes Maintenance Technicians
, Refinement of mapping between BPMN activities and Maintenance Manager and TSC
CMMS state alignment AAM/WOCM workflow states representatives
Responsibility clarifica- Adjustment of swimlanes to better define operational roles ~ Maintenance Technicians and
tion and responsibilities TSC representatives

Decision gateway clari- Refinement of decision points related to intervention and

o . . Maintenance Manager feedback
fication budgeting logic

Communication flow Reduction in email dependency through CMMS-centered co- Joint feedback from all stake-
optimization ordination holders

Procedural manual re- Updates to procedural documentation based on validation

finement feedback and usability issues Stakeholder validation sessions

4. Case Study Context and Current State Analysis

This section presents the case study context and the current state analysis of the
maintenance management process. It describes the organizational setting, the existing
maintenance workflow, and the main operational limitations identified before the BPMN-
based intervention.

4.1. Organizational Context

The organization analyzed in this case study operates in the energy sector and plays
an essential role in ensuring the reliability and security of electricity supply, remaining
anonymous for confidentiality reasons. The organization was selected due to its opera-
tional relevance and the maintenance management challenges identified in the context of
the present research objectives.

Its organizational structure comprises three main departments. The Planning, Devel-
opment and Operations Department is responsible for planning and expanding the electri-
cal distribution network while ensuring operational efficiency, safety, and anticipation of
future infrastructure needs. The Administrative Department integrates functions related to
human resources, finance, and customer support, ensuring resource management and ad-
ministrative coordination. The Maintenance Department, which constitutes the focus of this
study, is responsible for supervising the electrical network and coordinating preventive and
corrective maintenance activities together with an external strategic service provider.

The maintenance activities analyzed in this study involve strong interdependence
between internal organizational units and external operational entities, particularly re-
garding incident management, anomaly resolution, maintenance validation, and WO ex-
ecution. This context makes the organization particularly suitable for analyzing infor-
mation flow management, process formalization, and the integration of BPMN-based
workflows with maintenance information systems.

4.2. Current Maintenance Management Process

The organization’s maintenance activities mainly involve handling incidents, cus-
tomer-reported failures, automated alerts, and operational problems identified during
routine interventions. Among these activities, customer-reported incidents and automat-
ically generated alerts represent the most operationally complex occurrences to monitor,
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plan, and execute due to the high volume of communications and the need for coordina-
tion between multiple stakeholders.

When an incident reaches the MMO, it is initially verified to ensure that the infor-
mation provided is sufficiently clear and complete. If the anomaly description is incom-
plete, additional clarification is requested, typically through email communication. Once
validated, the anomaly is registered in the organization’s anomaly management and
maintenance activity system.

Maintenance interventions are executed by an external TSC, which operates using
the same management platform shared with the company. After identifying and validat-
ing the anomaly, the responsible manager forwards the information to the TSC, which
subsequently prepares the budget proposal and performs the required intervention.

The organization uses a maintenance management program specifically developed
according to the operational requirements of both the company and the TSC. However,
the use of the system remains limited to a small number of managers due to the special-
ized operational knowledge required to correctly interpret workflows, states, and decision
logic. This limitation negatively affects operational efficiency and contributes to excessive
dependence on individual experience.

The CMMS used in this study was a custom-developed platform jointly used by the
company and the TSC, designed to support the operational requirements of both organi-
zations rather than a commercial off-the-shelf solution. Although the platform already
contained several workflow states and functionalities relevant to maintenance coordina-
tion, many of these capabilities were underutilized due to the absence of formalized pro-
cedures and the strong reliance on tacit operational knowledge.

To improve the use of the maintenance management system and optimize commu-
nication flows, a collaborative working group was established between the company and
the TSC. The objective of this initiative was to identify the visible modules, operational
states, and editable workflows within the shared maintenance management environment.

Within the corrective maintenance workflow, the AAM represents one of the central
operational modules. This module contains all anomalies identified by field teams, includ-
ing both provisional and definitive interventions. After technical analysis by the com-
pany’s maintenance technicians, a WO may be generated whenever additional interven-
tion is required.

The external TSC accesses anomalies through specific workflow states, particularly
the “TSC Pending” state, which indicates that intervention activities can be initiated. After
execution, the anomaly status may be updated to “Maintenance Validation” for internal
confirmation by the company. In parallel, the WOCM centralizes all WOs created and
authorized by the organization, enabling workflow monitoring through predefined oper-
ational states.

The integration between the AAM and WOCMs allows information to be centralized
within the shared management system, significantly reducing the need for parallel email
communication between stakeholders. Each WO includes a direct connection to the asso-
ciated anomaly, enabling operational traceability throughout the execution lifecycle until
the automatic closure of the WO within the system.

To support process execution and improve workflow consistency, BPMN-based
flowcharts were developed to guide managers and technical personnel during each stage
of the process. These process models were designed to support operational standardiza-
tion and reduce the exclusive dependence on individual managerial knowledge.

The developed BPMN flowcharts describe the main maintenance process and five
associated subprocesses, covering activities from anomaly identification to final resolu-
tion. These subprocesses include scenarios involving provisional interventions, definitive
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interventions, budget requirements, maintenance validation, and WO authorization and
confirmation workflows.

4.3. Identified Operational Limitations

The analysis of the existing maintenance workflows revealed several operational and
organizational limitations affecting information flow management, maintenance coordi-
nation, and decision-making efficiency.

Although multiple maintenance processes existed within the organization, no formal
procedural documentation or standardized operational records were available. Organiza-
tional knowledge was primarily embedded in the practical experience of individual em-
ployees and informally transferred to new personnel through direct supervision and day-
to-day interaction. This strong dependence on tacit knowledge created significant opera-
tional vulnerabilities, particularly in situations involving staff turnover or changes in
managerial responsibilities.

The absence of standardized workflows resulted in inconsistent operational prac-
tices, with different employees applying distinct methods to similar maintenance scenar-
ios. This lack of procedural uniformity reduced process transparency and hindered the
effective coordination of maintenance activities, especially when additional operational
actors became involved in the decision-making process.

Another major limitation concerned the excessive reliance on email communication
for operational coordination between the company and the TSC. The dispersion of infor-
mation across multiple communication channels complicated the monitoring of interven-
tion status, reduced traceability, and increased the likelihood of delays, duplicated com-
munications, and inefficient resource allocation.

Furthermore, the maintenance management system itself was underutilized. Alt-
hough the CMMS platform included several operational states and workflow functional-
ities, only a limited subset of these capabilities was effectively used in practice. This re-
duced the organization’s ability to fully exploit the system as a centralized coordination
and decision-support platform.

The analysis also demonstrated that the maintenance process involved several dif-
ferent types of anomalies requiring distinct intervention approaches, including definitive
interventions with or without additional costs, provisional interventions requiring future
corrective actions, and activities associated with public lighting or critical electrical infra-
structure. However, the absence of formalized decision logic complicated the consistent
treatment of these operational scenarios.

To address these limitations and improve organizational competitiveness, the com-
pany identified the need to restructure the maintenance area through the optimization of
information flows, process formalization, and workflow standardization. Following sev-
eral meetings involving maintenance managers and organizational stakeholders, the de-
velopment of a BPMN-based procedural manual was identified as the most viable solu-
tion considering implementation cost, preparation time, operational applicability, and
ease of organizational adoption.

The literature further supports the use of BPMN for process formalization, coordina-
tion improvement, and workflow standardization in industrial environments
[39,45,51,57,58,64—67]. In this context, BPMN was selected as the central process modeling
approach to support the redesign and optimization of maintenance workflows within the
organization.

Table 4 summarizes the main operational limitations identified in the existing
maintenance process, the BPMN-based improvements proposed during the intervention
phase, and the expected operational impacts associated with each improvement.
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Table 4. Relationship between identified operational limitations, BPMN-based improvements, and

expected operational impacts.

Current-State Limitation BPMN-Based Improvement Expected Operational Impact

Reduced communication delays, im-
proved information traceability, and
greater visibility of workflow status

Dependence on informal email com- Centralization of operational interac-
munication between stakeholders  tions within the CMMS environment

Improved knowledge transfer, reduced
dependence on individual expertise,
and faster onboarding of new person-
nel

Development of a BPMN-based proce-

Reliance on tacit operational
P dural manual and standardized work-

k led d individual i
nowledge and individual experience flows

Improved monitoring of maintenance
activities and enhanced decision trace-
ability

Limited traceability of anomalies and Alignment of BPMN workflows with
interventions CMMS operational states

. . Standardization of activities through  Greater procedural consistency and
Inconsistent operational procedures . . . .
. _ BPMN subprocesses and decision gate- more uniform treatment of mainte-
across maintenance scenarios
ways nance occurrences

Increased utilization of available

derutilizati f CMM kfl Ali t bet BPMN
Underutilization o S workflow ignment between process e tionalities and improved

functionalities flows and CMMS operational logic
workflow control

Definition of stakeholder responsibili-
ties through swimlanes and subprocess
allocation

Fragmented coordination between in-
ternal personnel and the TSC

Improved interorganizational coordi-
nation, role clarity, and accountability

5. BPMN-Based Process Redesign and CMMS Integration

This section presents the BPMN-based process redesign and its alignment with the
existing CMMS environment. The developed BPMN models describe the corrective
maintenance workflows, operational decision points, stakeholder responsibilities, and in-
teractions between the company and the external service provider. Additionally, the sec-
tion describes the development of the procedural manual designed to support process
standardization, knowledge transfer, and maintenance management improvement.

5.1. BPMN Integration Strategy

Following the identification of operational limitations associated with the absence of
formalized procedures and the excessive dependence on informal communication prac-
tices, a BPMN-based process redesign strategy was developed to improve maintenance
coordination and information flow management within the organization.

The proposed intervention was centered on the alignment of BPMN process models
with the existing CMMS workflow states, aiming to formalize workflows, standardize op-
erational procedures, and improve coordination between the internal MMO and the ex-
ternal TSC.

The BPMN models did not implement an automated software interface or direct tech-
nical integration with the CMMS platform. Instead, BPMN was used to formalize and
standardize maintenance workflows based on the existing CMMS environment. The mod-
eling process contributed to harmonizing workflow terminology, stakeholder responsibil-
ities, operational states, and decision criteria that were previously interpreted inconsist-
ently across different actors. By aligning BPMN workflows with existing CMMS function-
alities, the intervention improved process transparency, reduced dependence on individ-
ual experience, and supported a more consistent use of the system without requiring mod-
ifications to the underlying software.

To support this integration process, a collaborative working group was established
involving maintenance managers, technical personnel, estimators, and representatives
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from the TSC. The objective of this group was to analyze the existing maintenance work-
flows, identify operational bottlenecks, and define the system modules and operational
states required to support process standardization and shared decision-making.

Particular attention was given to the identification and alignment of two critical
CMMS modules used in corrective maintenance activities: the AAM and the WOCM. The
AAM was identified as the central module for anomaly registration, technical assessment,
and maintenance validation, while the WOCM was responsible for WO management, ex-
ecution tracking, and operational confirmation.

The integration strategy focused on aligning BPMN process flows with the opera-
tional logic of these modules, ensuring consistency between process activities, system
states, and stakeholder responsibilities. This alignment enabled the formal representation
of maintenance decision points, communication exchanges, and approval mechanisms di-
rectly associated with the CMMS operational environment.

Additionally, the BPMN models were designed to support process traceability and
reduce the reliance on parallel communication channels, particularly email exchanges be-
tween the company and the TSC. By centralizing operational interactions within the
CMMS environment, the proposed solution aimed to improve information accessibility,
operational transparency, and workflow monitoring capabilities.

5.2. AAM and WOCM Operational States

The BPMN integration process required the definition and formalization of the oper-
ational states associated with the AAM and the WOCM. These states were mapped to the
corresponding BPMN activities and decision gateways to ensure coherence between pro-
cess execution and CMMS functionalities.

Within the AAM, anomalies progress through a predefined sequence of states asso-
ciated with technical assessment, budgeting requirements, intervention execution, and
maintenance validation. The operational states defined in this module allow the explicit
identification of the current status of each anomaly and support the coordination between
internal maintenance personnel and the TSC.

Table 5 presents the operational states identified in the AAM and WOCMs together
with their respective utilities and responsibilities.

Table 5. AAM and WOCM operational states and utilities.

AAM—Anomaly Analysis

Status

Utility

”Opel‘l"

Initial state of an anomaly before technical assessment is initiated.

“Maintenance assessment”

Indicates that the anomaly is under technical assessment by the maintenance

technician.
“Budget WO” Indicates that the anomaly contains the required information for budgeting
and WO creation.
“Open WO” Indicates that a WO has already been created.
“WQO” Indicates that the WO has been authorized by the maintenance manager.
“TSC Pending” Indicates that the intervention d9es not require budgeting and is pending
execution by the TSC.
Indicates that the intervention has been executed by the TSC and is awaiting
“Maintenance validation” validation by the company’s maintenance personnel. This is the only AAM
state that can be updated directly by the TSC.
Indicates that the anomaly has been resolved and closed. This status may be
“Closed” assigned manually when no further intervention is required or automati-

cally after WO confirmation within the CMMS.

WOCM—WO control
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Company responsibility status

Status

Utility

“Adjust WO”

Indicates that the intervention has been executed by the TSC and the WO re-
quires adjustment before confirmation.

“WO executed to confirm”

Indicates that the intervention has been completed and the WO is awaiting
final confirmation within the CMMS.

’

Indicates that the WO has been confirmed and automatically closed within

WO closed the CMMS.
TSC responsibility status
Status Utility
“Start WO” Indicates that the WO has been aut'horize.d ‘aF1d the TSC may initiate the in-
tervention activities.
“Adjusted WO” Indicates that the WO adjustment process has been completed by the TSC.

The “Open” state represents the initial registration of an anomaly before technical
analysis is initiated. Following preliminary assessment, anomalies may transition to
“Maintenance assessment”, indicating that a technician is analyzing the occurrence. If ad-
ditional intervention requiring budgeting is necessary, the anomaly progresses to the
“Budget WO” state, resulting in the creation of a WO.

Once authorized by the maintenance manager, the WO becomes operationally active
and transitions into execution-related states within the WOCM. In this module, responsi-
bilities are explicitly distributed between the company and the TSC according to the cur-
rent operational status of the WO. The “Start WO” state indicates that the intervention
may begin, while “Adjust WO” and “WO executed to confirm” support post-execution
validation and confirmation activities.

The operational logic established through these states enables the reduction in infor-
mal communication practices by centralizing process interactions within the CMMS envi-
ronment. Furthermore, the explicit association between states, responsibilities, and pro-
cess transitions contributes to improving operational traceability and decision-making
consistency.

The alignment between BPMN workflows and CMMS operational states also facili-
tated the standardization of maintenance procedures, allowing stakeholders to clearly
identify responsibilities, pending activities, and intervention progress throughout the
maintenance lifecycle.

5.3. BPMN Process Models and Subprocesses

Based on the identified operational requirements and the integration strategy with
the CMMS, BPMN models were developed to represent the corrective maintenance flows
related to anomaly management and the execution of WOs. The objective of the corrective
maintenance process is to ensure that all anomalies are addressed consistently and trace-
ably, minimizing communication failures and ensuring proper use of the CMMS.

The BPMN diagrams present the complete process, from anomaly detection to final
closure, including technical assessment activities, budgeting procedures, intervention au-
thorization, execution, and validation. The model is structured into a main process and
multiple subprocesses, each representing distinct operational scenarios, intervention re-
quirements, budgeting conditions, and CMMS state transitions identified during the im-
plementation phase.

To facilitate the interpretation of the BPMN models, Table 6 summarizes the opera-
tional characteristics associated with each subprocess, including intervention type, budg-
eting requirements, technical specifications, WO generation, and final operational state.
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Figure 2a presents the main corrective maintenance flow, highlighting the possible de-
cision paths for anomaly resolution. This diagram shows interactions among stakeholders,
binary or multiple decision gateways, communication flows, and the distribution of respon-
sibilities between MMO and TSC. Initial activities include checking the anomaly status, de-
termining the need for intervention with technical specifications, and directing the flow to
the appropriate subprocess, ensuring that all steps are documented and traceable.

Subprocess 1, shown in Figure 2b, corresponds to definitive interventions that do not
require budgeting or WO generation. In this flow, the technician directly carries out the
intervention and closes the anomaly after validation, updating the status in the CMMS
AAM. Figure 2b details step by step the interactions between the technician and the sys-
tem, visually highlighting decision flows, binary gateways, and status changes. The input
of this subprocess is the detection of an open anomaly, and the output is the anomaly
status updated to closed in the CMMS, ensuring traceability, consistency, and activity re-
cording. Figure 2 presents the main process and Subprocess 1, showing an overview of
the subprocess phases and the detailed actions of the technician.

Table 6. Summary of operational characteristics associated with the BPMN subprocesses.

Budgeti Technical
Subprocess Intervention Type " ge. 18 e .mc.a WO Required Final State

Required Specifications

1 Definitive No No No Closed

Definitive Yes No Yes WO Closed
Mai
3 Provisional No No No alrllten?nce
Validation
3.1 Definitive Yes Yes Yes WO Closed
Provisional foll
4 rovisional followed by Yes Yes Yes Closed

Definitive

Subprocess 2, presented in Figure 3, refers to definitive interventions requiring budg-
eting and formal WO processing. The flow includes technical analysis, entering infor-
mation for budgeting, managerial authorization, execution by the TSC, and final confir-
mation by the maintenance manager before automatic closure of the WO. The decision
gateways determine whether the intervention proceeds directly to closure or requires ad-
justments in the budget. The swimlanes highlight the responsibility of each entity, evi-
dencing the interaction between the AAM and WOCM within the CMMS environment.
The input of the subprocess is the identification of an anomaly requiring budgeting, and
the output is the execution of the intervention, approval, and closure of the WO, ensuring
full traceability of actions and decisions. Figure 3 illustrates the detailed phases of Sub-
process 2, including technical analysis, budgeting, managerial authorization, and execu-
tion by the TSC, visually highlighting gateways and swimlane responsibilities.
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+ Subprocess 3.1; Definitive intervention with budget and i

+ Subprocess 4: Provisional intervention - requires additional cost (subsequent definitive intervention),
+ Closed: anomaly closed in AAM module (no further intervention required).

! Information / + Subp
i CMMS Context . Sub

Figure 2. BPMN-based corrective maintenance workflows: (a) main process presenting decision
paths and subprocess allocation; (b) Subprocess 1 representing definitive interventions without WO

generation or budgeting requirements.

Subprocess 3, illustrated in Figure 4, addresses provisional interventions that require
subsequent corrective actions without budgeting requirements. After re-evaluation by the
technician, the TSC executes the intervention and updates the status to “Maintenance Val-
idation.” If additional intervention requiring budgeting and technical specifications is
identified, the flow transitions to Subprocess 3.1. This subprocess presents the interaction
between technician assessment, TSC execution activities, and CMMS validation proce-
dures associated with provisional interventions. The input of the subprocess is the open
provisional intervention, and the output is either the updated status in the CMMS or tran-
sition to Subprocess 3.1, ensuring traceability and detailed recording of every decision
and action. Figure 4 shows Subprocess 3, with provisional interventions and CMMS vali-
dation, highlighting gateways, swimlanes, and the temporal sequence.

https://doi.org/10.3390/app16136316


https://doi.org/10.3390/app16136316

Appl. Sci. 2026, 16, 6316

21 of 37

€ Anomaly in ‘EAM '":’d“h : Analyse intervention; Enter technical and budgeting
3 ' Status: “Open' " @ Filter AAM by Change AAM statusto  —] information in comments;
£ i Need for intervention: Yes “Open” status Malikonance Assssiment* Change AAM status to
é Requires budgeting: Yes “Budget WO"
,,,,, A feciation:
L0 AAM. module: n . Filter AAM by AA;r WO con! |'r'mmanz" ;
: Filter by “Budget WQ" 1 ----x--o--e “Budget WO" status status - “Clos =
8 status ' WOCM status - “WO closed” @
- pr l AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA v
g SR
-4 o ; ] : i i
E | £ | Atercreatingthe WO, | Creats and budget WO; Adjust WO budget Change WOCM status to Wstem VO
] ) change AAM status to r««--ooeeeveeeee associate anomaly as requested by TSC [ “Adjusted WO" maintenance =¥
§I 8 “Open WO" number management system
z | @ 1 !
g ............
g Status update: - ir;\uthorlzo WO via Filter WOCM by Filter WOCM by
O AAM module:-+ WO hraa meisanince Manageent “Adjust WO" : “WO executed to confirm”
: WOCM module — “Start WO" programme :
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ! ’ ) ¢ )
— : i
' ' Enter adjustment
information;
PSR ! Change WOCM status to
S| wocm module: ' oo
= ! Filter by “Start WO" +----- @ Analyse WO and |, Execute | I Checkwhether WO Change WOCM status to
: status technical observations intervention adjustment is required No | "WO executed to confirm”
- Notes (Key modules and states):
end:
" : + AAM: Anomaly Analysis Module.
S P + WOCM: Work Order Control Module.
Sun End Activty (Decision) ..., CMMS Context + Budget WO: anomaly contains information and requires budgeting (WO creation).
+ Open WO: WO created and ready for authorization.
+ WO: WO authorized and intervention can start (visible to TSC as “Start WO").
+ Adjust WO / Adjusted WO: WO needs adjustments (technical or cost) and is revalidated.
+ WO executed to confirm: intervention completed and ready for confirmation.
+ WO closed: WO confirmed in the system; anomaly automatically closed.

Figure 3. BPMN representation of Subprocess 2 for definitive interventions requiring budgeting and

WO processing.

Subprocess 3.1, shown in Figure 5, corresponds to definitive interventions requiring
budgeting and technical specifications. The flow details the entry of information for budg-
eting, authorization of execution, monitoring by the TSC, and final confirmation of activ-
ities. Binary gateways and interactions between the AAM and WOCM ensure process
traceability and operational consistency. The input of the subprocess is the requirement
for definitive intervention requiring budgeting approval and technical specifications, and
the output is the completion of the intervention and the anomaly status updated in the
CMMS. Figure 5 shows Subprocess 3.1, detailing definitive interventions involving WO
authorization, budgeting approval, and technical specifications, highlighting gateways,
swimlanes, and CMMS module transitions.
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Figure 4. BPMN representation of Subprocess 3 for provisional interventions without budgeting

requirements.

Subprocess 4, illustrated in Figure 6, concerns anomalies initially subjected to provi-
sional intervention but requiring subsequent definitive intervention with budgeting re-
quirements. This flow extends the operational logic of Subprocess 3.1 by incorporating a
prior provisional intervention phase before definitive corrective actions requiring budg-
eting. The input is an anomaly previously subjected to provisional intervention, and the
output is the execution and confirmation of the subsequent definitive intervention within
the CMMS workflow. Figure 6 presents Subprocess 4, highlighting all decision points,
swimlane responsibilities, and the temporal sequence of the intervention flow, ensuring
traceability, consistency, and transparency of the process.

The BPMN models allow explicit visualization of process dependencies, decision
points, responsibilities, and temporal sequence, promoting greater transparency, tracea-
bility, and standardization of the workflow. The use of gateways and swimlanes facilitates
interpretation of interactions among organizational entities and reduces ambiguities in
decision-making processes.

The BPMN models not only represent workflows visually but also enhance process
traceability and standardization, supporting consistent decision-making and reducing de-
pendence on tacit operational knowledge. The structured depiction of subprocesses clar-
ifies responsibilities and ensures that each action is documented systematically, providing
a foundation for operational governance and continuous improvement.
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Figure 5. BPMN representation of Subprocess 3.1 for definitive interventions requiring budgeting

and technical specifications.

5.4. Procedural Manual and Knowledge Transfer

The BPMN process models developed during the intervention phase were subse-
quently consolidated into a procedural manual intended to support the execution, stand-
ardization, and dissemination of maintenance procedures within the organization.

The procedural manual integrated the BPMN diagrams, operational guidelines,
CMMS state descriptions, and decision-support instructions associated with each mainte-
nance scenario. This document was designed to function both as an operational reference
tool and as a knowledge transfer mechanism capable of reducing the organization’s de-
pendence on tacit managerial knowledge.

Prior to the implementation of the proposed solution, maintenance activities relied
heavily on the individual experience of specific managers and on informal communication
practices. The absence of documented procedures contributed to operational inconsisten-
cies, difficulties in onboarding new personnel, and limited process traceability.

https://doi.org/10.3390/app16136316


https://doi.org/10.3390/app16136316

Appl. Sci. 2026, 16, 6316

24 of 37

— Anomaly in AAM module 2 "
@ A 5 2 Analyse intervention; Enter technical and budgeting
g Status: “Open Filter AAM by = Cha ly:e AAM status to information in comments;
5 Need for intervention: Yes @ “Open” status 'Maint::ance s o= Change AAM status to
s Requires budgeting: Yes “Budget WO
s e l After WO confirmation:
AAM module: Filter AAM by AAM status — “Closed”
Filter by “Budget WO - 2 5 :
siatis Budget WO" status { WOCM status — “WO closed” :
@Q
o
P | | ET———— o
g After creating the WO, Create and budget WO; Confirm WO in
9 g) change AAM status to associate anomaly Chan?a YVOCM slafus to Adjust WO budgel maintenance
% g “Open WO" number Adjusted WO' as requested by TSC management system
B R fpe— : i
| =] : .
> m
% ........ oz
& Status update: Authorize WO via Filter WOCM by Filter WOCM by i WOCMIby
& AAM module — “WO ; maintenance management “Adjust WO" “Adjust WO" “Wo execul_ed to
o WOCM module — “Stat WO" | programme confirm
[}
"""""""""""""""" ; : L)
Enter adjustment
information;
Change WOCM status to
“Adjust WO
8 O i :
= WOCM module: !
. Filter by “Start WO" Analyse WO and Execute the Check whether WO Yes Change WOCM status to
: status H technical observations intervention adjustment is required “WO executed to
No confirm”
Legend: Notes (Key modules and statuses):
) + AAM: Anomaly Analysis Module.
) Gateway * Information /
Start End : . :
O . lj Activity (Decision) § CMMS Context WOCM: Work Order Control Module.
Budget WO: anomaly requires budgeting and WO creation.
+ Open WO: WO created and ready for authorization.
+  WO: WO authorized and intervention can start (visible to TSC as “Start WO").
+ Adjust WO / Adjusted WO: WO needs adjustments (technical or cost) and is revalidated.
* WO executed to confirm: intervention completed and ready for confirmation.
* WO closed: WO confirmed in the system; anomaly automatically closed.

Figure 6. BPMN representation of Subprocess 4 for provisional interventions followed by definitive

interventions requiring budgeting.

The introduction of the procedural manual significantly improved knowledge acces-
sibility by externalizing operational practices into formal process representations. The
BPMN diagrams provided visual guidance regarding responsibilities, decision logic, and
workflow sequencing, enabling employees to better understand maintenance procedures
and CMMS interactions.

Additionally, the procedural manual contributed to supporting training activities for
new employees, reducing the learning curve associated with the use of the CMMS plat-
form and maintenance coordination procedures. The standardization of workflows also
promoted greater consistency in process execution and reduced variability associated
with individual operational practices.

From an organizational perspective, the procedural manual established a structured
foundation for continuous process improvement by enabling periodic review and valida-
tion of maintenance workflows. The formalization of maintenance procedures through
BPMN therefore contributed not only to operational efficiency but also to improving
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organizational learning, process governance, and long-term maintenance management
capabilities.

In summary, the procedural manual complements the BPMN diagrams by consoli-
dating operational guidelines, decision-support instructions, and CMMS interactions.
This combination strengthens knowledge transfer and training for new employees, ensur-
ing that expertise is embedded in structured documentation and process models, thereby
reducing reliance on tacit knowledge and improving operational consistency.

6. Results and Discussion

This section discusses the results obtained after the implementation of the BPMN-
based process models and their alignment with the existing CMMS workflows. The anal-
ysis focuses on operational impacts, process formalization, decision-making, interorgani-
zational coordination, implementation challenges, and research implications.

6.1. Operational and Organizational Impacts of BPMN Implementation

The introduction of BPMN-based flowcharts was associated with observable im-
provements in the organization and systematization of maintenance processes within the
analyzed department. The evaluation was conducted over a three-month observational
period, focusing on 108 corrective maintenance occurrences associated with the anomaly
management and WO execution workflows analyzed in this study. These occurrences did
not represent the total maintenance activity of the organization, but rather the subset of
cases directly related to the BPMN intervention. Data were collected before and after im-
plementation.

Due to the absence of a systematically structured pre-intervention observation pe-
riod, baseline data were obtained from the most recent available CMMS records immedi-
ately prior to implementation. This baseline window corresponds to a short pre-imple-
mentation operational period of a one-month pre-implementation baseline period. These
data were used as the reference for comparison with the three-month post-implementa-
tion observation period. The pre-implementation phase was characterized by the absence
of formalized procedures and a strong reliance on informal communication, whereas the
post-implementation phase reflected the adoption of BPMN flowcharts and structured
procedures. Although the observational period was limited and focused on a single case,
these indicators provide preliminary evidence that process formalization and workflow
standardization may support operational improvements in contexts with similar organi-
zational characteristics [48,49].

Table 7 summarizes the main descriptive indicators used to compare the pre-imple-
mentation and post-implementation scenarios. The indicators were derived from CMMS
records, communication exchanges, training activities, and stakeholder validation ses-
sions conducted during the study. In particular, the number of actively used WOCM
workflow states was used as an operational indicator of CMMS utilization, increasing
from two states before implementation to all eight available states after implementation.
A total of 108 corrective maintenance occurrences were observed in the post-implementa-
tion period, representing the scope of cases directly related to the BPMN intervention. No
pre-implementation baseline exists for this indicator, hence the “Not applicable” entry in
Table 7. Given the exploratory nature of this single-case study and the limited observation
period, the results should be interpreted as descriptive operational evidence rather than
statistically generalizable findings.

For indicators reported as approximate values in Table 7, the reported figures repre-
sent descriptive operational estimates derived from multiple sources. Training time val-
ues were obtained from observed onboarding durations and validated through stake-
holder feedback, representing the typical time required for new personnel to
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independently perform the workflow. The number of email exchanges per occurrence was
derived from CMMS communication logs and reflects the average number of messages rec-
orded per analyzed maintenance case. The number of personnel capable of independently
managing the workflow was determined through stakeholder validation sessions and direct
observation of task execution. In all cases, values correspond either to direct counts ex-
tracted from system logs or to average values calculated from recorded occurrences over the
observation period. These values were used as operational indicators for comparative anal-
ysis and should not be interpreted as statistically precise measurements.

Direct measures of information flow quality, such as information completeness, in-
formation timeliness, information accuracy, decision response time, or information loss
rate, were not systematically available within the organization during the observation pe-
riod. Consequently, the evaluation relied on operational proxy indicators derived from
CMMS records and communication activities, including communication volume, work-
flow visibility, decision traceability, CMMS state utilization, and distribution of decision-
making responsibilities. These proxies provide indirect evidence of improvements in in-
formation management and coordination resulting from the BPMN intervention. Conse-
quently, the results should be interpreted as evidence derived from operational proxy in-
dicators of information flow effectiveness rather than direct measurements of information
quality attributes. Future studies should complement these measures with direct assess-
ments of information flow quality.

Table 7. Comparative assessment of operational indicators before and after BPMN implementation.

Indicator Before Implementation After Implementation Basis/Source
Training time for new per- . . Training activities and stake-
A 1 A ly 1
sonnel pproximately 3 days pproximately 1 day holder assessment
Average email exchanges per Communication exchanges
8 gesp Approximately 5 Approximately 1 associated with analyzed oc-
occurrence
currences
Personnel capable of inde- Stakeholder validation and
pendently managing the ana- 1 3 process execution observa-
lyzed workflow tion
WOCM workflow stages ac- 5 8 CMMS workflow records
tively used and module analysis
Observation scope (correc- . .
. . . Post-implementation obser-
tive maintenance occurrences Not applicable 108

analyzed)

vation

Operational observations conducted during the implementation period indicated
that the average training time required for new employees decreased from approximately
three days to one day after the introduction of the BPMN-based procedural manual and
standardized workflows. These observations suggest that BPMN models can facilitate
knowledge transfer and support onboarding, potentially reducing dependence on indi-
vidual experience, as also highlighted by Mazzola et al. [39] and Salvadorinho and
Teixeira [13], although the short observational window limits the ability to assess long-
term sustainability of this effect.

Operational observations during the post-implementation period indicated a reduc-
tion in the average number of emails exchanged per occurrence, decreasing from approx-
imately five to one after the centralization of interactions within the CMMS environment.
Before implementation, email exchanges were frequently required to clarify missing in-
formation, workflow status, responsibilities, and intervention progress because CMMS
fields and workflow states were not consistently completed or interpreted by all
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stakeholders. Following the BPMN-based formalization and the introduction of the pro-
cedural manual, the required information became more consistently recorded within the
CMMS, allowing stakeholders to consult the system directly to identify the status of each
occurrence and the corresponding process stage. As a result, the need for parallel email
communication was significantly reduced. This change reflects the influence of subpro-
cesses 2 and 3 on communication efficiency, consistent with Fernandes et al. [6] and Gram-
bow et al. [44], but the result should be interpreted cautiously due to the study’s narrow
timeframe and specific operational context.

The implementation of the BPMN-based workflows also appeared to broaden the
number of qualified personnel capable of participating in maintenance decision-making
processes, increasing from approximately one to three individuals during the observa-
tional period. Before implementation, the interpretation of CMMS workflows and mainte-
nance decision logic was concentrated primarily in one experienced manager, creating a
strong dependence on individual tacit knowledge. Following stakeholder involvement,
training activities, and the introduction of the BPMN-based procedural manual, three em-
ployees became capable of independently interpreting and managing the analyzed work-
flow. This result suggests a broader distribution of operational knowledge within the
maintenance team and a reduction in organizational dependence on a single experienced
individual. These observations indicate that BPMN-based formalization may support de-
cision-making quality in similar maintenance-intensive contexts [4,39], yet the generaliza-
bility remains limited to comparable organizational environments.

Similarly, observations indicated a broader utilization of the WOCM workflow func-
tionalities. The number of actively used WOCM workflow states increased from two of
the eight defined workflow states before implementation (25%) to all eight defined work-
flow states after implementation (100%). This change reflects the transition from partial use
of the module to systematic use of workflow states associated with WO initiation, execution,
adjustment, validation, confirmation, and closure, thereby improving process traceability
and workflow visibility within the CMMS environment. This expansion in workflow-state
utilization suggests that the BPMN-based formalization contributed to a more systematic
and comprehensive use of the workflow capabilities available within the CMMS. This ob-
servation supports the potential of BPMN alignment with CMMS modules to enhance op-
erational consistency [13,21], while acknowledging that results are context-dependent.

Overall, these findings indicate that BPMN models can act as structured representa-
tions supporting broader initiatives of process standardization and coordination. How-
ever, the limited duration of observation, focus on a single organization, and exclusive
consideration of corrective maintenance workflows suggest that these results should be
interpreted as preliminary evidence rather than definitive conclusions about broader op-
erational effectiveness [13,29,39,48].

6.2. Process Formalization, Decision-Making and Interorganizational Coordination

Since the intervention combined BPMN modeling, process formalization, the devel-
opment of a procedural manual, and alignment with existing CMMS workflows, the ob-
served improvements cannot be attributed to a single intervention element in isolation.
Table 8 summarizes the primary intervention component associated with each observed
operational improvement.

Table 8. Primary intervention components associated with the observed operational improvements.

Observed Improvement Primary Intervention Component

Reduced training time

BPMN-based procedural manual and process formaliza-
tion

Reduced email exchanges BPMN-CMMS workflow alignment

https://doi.org/10.3390/app16136316


https://doi.org/10.3390/app16136316

Appl. Sci. 2026, 16, 6316

28 of 37

Increased personnel capable of independently managing
the workflow

BPMN models and procedural manual

Increased utilization of WOCM workflow states

BPMN-CMMS workflow alignment and workflow stand-
ardization

The observed improvements resulted from the combined intervention rather than from
asingle isolated element. As shown in Table 8, different components contributed to different
aspects of the observed operational improvements. BPMN models primarily contributed to
workflow visualization, responsibility clarification, and process standardization. The pro-
cedural manual supported knowledge transfer and employee onboarding. The alignment
between BPMN workflows and CMMS operational states improved traceability, workflow
visibility, communication efficiency, and the utilization of CMMS functionalities. Conse-
quently, the intervention should be interpreted as a complementary combination of process
formalization, documentation, and workflow—system alignment.

The BPMN-based intervention contributed to making previously informal and expe-
rience-based workflows more explicit, reducing ambiguity in maintenance decision-mak-
ing and supporting more consistent execution of corrective maintenance activities. Each
subprocess was designed to support operational dimensions related to response time,
CMMS utilization, decision-making autonomy, and decision traceability. Subprocess 1
was designed to reduce reliance on single technicians for definitive interventions [49];
Subprocess 2 was designed to improve budget handling, traceability, and time-to-decision
[44]; Subprocesses 3 and 3.1 were intended to enhance coordination and validation of pro-
visional and additional interventions [6]; and Subprocess 4 was developed to support fol-
low-up and closure of multi-step interventions [39]. These results indicate that BPMN may
assist in operational clarity and coordination in contexts with similar characteristics, alt-
hough generalization remains limited.

This is particularly relevant in maintenance environments where knowledge is pre-
dominantly tacit. Before implementation, critical operational knowledge was concen-
trated in a few experienced managers, creating potential vulnerabilities in case of staff
turnover. These conditions are consistent with Shimada et al. [49], Uhlmann et al. [48],
and Joschko et al. [21]. BPMN and the procedural manual helped externalize this
knowledge, potentially supporting knowledge sharing and organizational learning, as
also noted by Salvadorinho and Teixeira [13]. Nevertheless, these benefits were observed
within a single organizational setting and over a short timeframe, limiting the extent to
which they can be assumed to apply in other contexts.

Workflow formalization also appeared to reduce information asymmetry by clarifying
responsibilities, standardizing anomaly treatment, and improving visibility of maintenance
status within CMMS, consistent with Bergh et al. [42], Coelho et al. [41], and de Carvalho
Chrysostomo et al. [33]. This suggests a relationship between BPMN subprocesses and op-
erational performance indicators [4,39], although the short observation period and focus on
corrective maintenance require caution when extrapolating these effects.

The integration between the company and the TSC was reinforced. Centralization of
information reduced reliance on informal emails, improved monitoring of anomalies and
WOs, and increased traceability, aligning with findings from Shimada et al. [49], Fernandes
et al. [6], Grambow et al. [44], Pereira et al. [52], Ladera-Mejia et al. [67], and Etemad et al.
[47]. While these improvements suggest potential operational gains in similar contexts, their
generalizability remains limited by the characteristics of the case studied.

Overall, the results indicate that BPMN can support improvements in intra- and inter-
organizational information flows, clarify responsibilities, and enhance coordination. How-
ever, limitations such as the short duration, focus on a single organization, and

https://doi.org/10.3390/app16136316


https://doi.org/10.3390/app16136316

Appl. Sci. 2026, 16, 6316

29 of 37

concentration on corrective maintenance workflows suggest that results should be inter-
preted cautiously and as indicative rather than definitive evidence for broader applications.

6.3. Implementation Challenges, Transferability and Research Implications

Resistance to change was observed among some employees, particularly regarding
the transition from informal communication practices and experience-based decision-
making to more structured and standardized workflows. Before implementation, it was
common for personnel to rely directly on experienced managers or colleagues whenever
doubts arose regarding maintenance procedures, workflow status, or decision criteria.
The introduction of the BPMN-based procedural manual required a gradual shift from
this informal knowledge-sharing approach to a more systematic consultation of docu-
mented procedures and CMMS workflow information. Some stakeholders initially ex-
pressed uncertainty regarding the interpretation of BPMN models, the use of CMMS
workflow states, and the responsibilities associated with the newly formalized processes.
In practice, this resistance was reflected in the continued preference of some employees
for consulting experienced colleagues and exchanging emails rather than consulting the
BPMN-based procedural manual and CMMS workflow states. These concerns were pro-
gressively mitigated through stakeholder participation in the modeling process, training
activities, iterative validation sessions, and the availability of the procedural manual,
which facilitated familiarity with the new procedures and reduced dependence on indi-
vidual expertise. Over time, increased familiarity with the standardized workflows con-
tributed to broader utilization of CMMS functionalities, greater autonomy among person-
nel, and wider acceptance of the formalized maintenance processes. This observation re-
inforces the importance of stakeholder involvement, change management, and continu-
ous training, particularly in organizations with low familiarity with BPMN or limited
technical skills to interpret process models [16,33,41,42,68].

BPMN models may introduce rigidity if not periodically reviewed and updated.
Maintenance environments are dynamic, and changes in operational requirements, sys-
tem functionalities, or contractual arrangements may necessitate adjustments to models
and procedural manuals. Continuous monitoring and model revision cycles are essential
to maintain relevance, as suggested by Fernandes [7] and Xu and Vrieze [18]. The respon-
sibility for maintaining and updating the BPMN models and the associated procedural
manual remains with the organizational stakeholders responsible for maintenance man-
agement and process coordination. Whenever significant changes occur in CMMS func-
tionalities, workflow states, operational requirements, contractual arrangements, or
maintenance procedures, the corresponding BPMN models and documentation should be
reviewed and updated to ensure continued alignment between process representations
and operational practice. Periodic stakeholder reviews may further support the identifi-
cation of process deviations and the timely adaptation of BPMN models to evolving op-
erational conditions. This review process should be incorporated into regular process gov-
ernance activities to maintain consistency between documented workflows and opera-
tional execution over time.

Although promising results were observed, the study is constrained by its single or-
ganizational context, short observational period, and focus on corrective maintenance
workflows. These limitations may affect the external validity of the findings and should
be considered when interpreting the broader applicability of BPMN-based interventions
[4,21,48,49].

Despite these constraints, the approach may be transferable to organizations with
similar characteristics: high maintenance intensity, shared CMMSs, external service pro-
viders, informal communication practices, and low process formalization. In such
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contexts, BPMN may support process formalization, improve coordination, and facilitate
knowledge transfer, but results should be interpreted cautiously.

The study contributes to literature by providing empirical evidence on how BPMN
alignment with CMMS workflows can support information flow, decision-making, and
interorganizational coordination. However, observed operational gains, such as reduc-
tions in training time, email exchanges, and improvements in CMMS utilization, should
be considered preliminary evidence specific to the studied context rather than generalized
conclusions.

7. Conclusions

Maintenance management critically depends on the effectiveness of information
flows and the quality of communication between internal teams and external service pro-
viders, particularly in organizational contexts characterized by high operational complex-
ity, strong reliability requirements, and substantial reliance on tacit knowledge. Within
this context, the present study combines a structured literature analysis with an in-depth
case study conducted in the energy sector. The findings suggest that BPMN, when inte-
grated into a structured process formalization effort, may support improvements in oper-
ational governance, decision-making, and interorganizational coordination in organiza-
tions with similar characteristics.

The structured review of the literature revealed increasing interest in process-ori-
ented tools such as BPMN, flowcharts, BIM, and simulation, particularly in sectors where
process standardization, traceability, and maintenance reliability are critical. Among these
approaches, BPMN is widely adopted for the formal representation of processes and in-
formation flows, offering a potential mechanism to clarify responsibilities, standardize
workflows, and enhance information transparency.

Regarding RQ1, the findings indicate that process-oriented approaches can support
information flow and decision-making by increasing workflow transparency, clarifying
stakeholder responsibilities, standardizing operational procedures, and improving pro-
cess traceability. In the analyzed workflows, BPMN-supported process models contrib-
uted to the formalization of maintenance practices, the reduction in operational ambigui-
ties, and the reinforcement of decision traceability. BPMN modeling allowed previously
informal practices, highly dependent on individual managerial experience, to be external-
ized into shared and structured workflows, promoting greater consistency and clarity in
maintenance execution. Information flow improvements were reflected through proxy in-
dicators associated with communication volume, workflow visibility, decision traceabil-
ity, CMMS state utilization, and distribution of decision-making responsibilities. How-
ever, these observations are preliminary and were obtained over a short period in a single
case, limiting the extent to which they can be generalized.

Concerning RQ2, the study identified several organizational limitations affecting
maintenance coordination and information management, including dependence on tacit
knowledge, fragmented communication practices, underutilization of CMMS functional-
ities, lack of standardized procedures, and resistance to change. These limitations reduced
process visibility, hindered coordination among stakeholders, and increased dependence
on individual expertise. The BPMN-based procedural manual helped mitigate these is-
sues by externalizing operational knowledge into formal process artifacts and by provid-
ing a common reference for managers, technicians, estimators, and the external service
provider. Stakeholder engagement and training helped overcome initial resistance to
change, increasing familiarity with standardized procedures and adoption of CMMS
functionalities. As a result, the intervention supported better organization of incident
management, improved communication with the external service provider, reduced de-
pendence on individual expertise, and increased autonomy within the internal
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maintenance team. These results should nevertheless be interpreted with caution due to
the specific context of the case.

With respect to RQ3, the findings suggest that the alignment between BPMN process
models and CMMS workflow states can support process formalization, operational coor-
dination, and workflow governance without requiring automated software integration. In
the analyzed case, BPMN acted as a procedural and visual guidance mechanism aligned
with existing CMMS functionalities rather than as an automated interface. The conceptual
alignment clarified responsibilities and workflow states while supporting decision-making,
but it did not involve automated integration between the BPMN and CMMS. Observable
outcomes included fewer email exchanges, broader utilization of CMMS workflow func-
tionalities, increased autonomy among maintenance personnel, and greater consistency in
workflow execution, reflecting improvements in workflow visibility, traceability, and coor-
dination. These findings contribute to addressing a gap identified in the literature, where
BPMN process modeling and CMMS-based maintenance management have frequently
been examined separately, while evidence regarding their operational alignment in correc-
tive maintenance environments remains limited. The present study provides empirical in-
sights into this alignment within a maintenance-intensive environment involving both in-
ternal maintenance personnel and an external service provider. While these results indicate
potential operational benefits, they should be interpreted within the context of a single case
study and should not be generalized without further empirical validation.

Beyond operational indicators, the study suggests that BPMN may play a supporting
role in process governance by facilitating articulation between information systems, or-
ganizational actors, and operational activities. The externalization of knowledge, in-
creased transparency of decisions, and reinforcement of accountability may support or-
ganizational learning and robustness. Nonetheless, these conclusions are based on a lim-
ited case study focusing on corrective maintenance workflows, and the observed effects
should not be overgeneralized.

In summary, BPMN, as a process modeling notation integrated into structured pro-
cess management, appears to support the transformation of informal, tacit knowledge-
dependent workflows into more organized, transparent, and replicable processes in sim-
ilar contexts. Process formalization emerged as a relevant mechanism to enhance con-
sistency, operational clarity, information traceability, and knowledge transfer. Future ap-
plications could explore the extension of BPMN-based formalization to preventive
maintenance, asset criticality management, and other industrial domains. Future longitu-
dinal evaluations using broader performance indicators, combined with assessments of
digital maturity and employee technical competence, may contribute to strengthening the
external validity and robustness of BPMN-supported maintenance interventions.
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Abbreviations

The following abbreviations are used in this manuscript:

AAM Anomaly Analysis Module

BEM Building Energy Model
BIM Building Information Modeling
BPaaS Business Process as a Service

BPMN Business Process Model and Notation

CMMS Computerized Maintenance Management Systems
ERP Enterprise Resource Planning

FMEA Failure Mode and Effects Analysis

HVAC Heating, Ventilating, and Air Conditioning

HBIM Historical Building Information Modeling

14.0 Industry 4.0

MMO Maintenance Management Office
MRO Maintenance, Repair and Operations
1Ps? Product-Service Systems

RFID Radio Frequency Identification
RQs Research Questions

SOA Service-Oriented Architecture
SPLE Software Product Line Engineering
TSC Technical Service Contractor

VSM Value Stream Mapping

WOCM  Work Order Control Module

WOs Work Orders

Appendix A

Appendix A.1

Table Al summarizes the main BPMN elements adopted in the process models de-
veloped in this study, adapted from Figl et al. [40].

Table A1. Main BPMN elements used in this study, adapted from Figl et al. [40].

BPMN Element Description
(/’-_\‘
|
— Start event where a certain process or choreography begins.

Start event

O

End event

An end event indicates where a process or choreography ends.
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Task

A task is an atomic activity that is part of a process. A task is used when the work in
the process is not broken down into a finer level of process detail.

Task
<> It serves to converge or diverge a flow, represented by a rhombus, in the context of
the manual the following was used, where there are two conditions, only one of
Gateway which can be completed to move on to the next stage.

Sub-Process

It represents a sub-process within the main process. Sub-processes allow complex
processes to be broken down into smaller, more manageable components.

Text Annotation

Text annotations allow a modeler to provide additional text information to a BPMN
diagram reader.

—

Sequence Flow

A sequence flow is used to represent the sequence in which the activities of a pro-
cess and a choreography are executed.

o— —>

Message Flow

A message flow represents the flow of messages between two participants who are
ready to transmit and receive them.

Data Association

An association connects information and artifacts to graphical elements in BPMN.
An arrowhead in the association indicates the direction of flow (e.g., data) where ap-
propriate.

Lane2

The lanes organize the process activities into different categories or responsibilities.

Pool

Lane

A pool represents a main participant in the process. Lane subdivides a pool to show
responsibilities within the same participant.

Appendix A.2

Table A2 summarizes the reviewed studies through a thematic synthesis organized
by research stream, representative references, application contexts, tools/models used,
main contributions, and limitations relative to the present study.

Table A2. Thematic synthesis of reviewed studies on BPMN, maintenance management, and digital

process integration.

Research Stream

Representative
References

Main Tools/Models
Used

Limitation Relative

Main Applicati text:
ain Application Contexts to the Present Study

Main Contribution

BPMN and work-
flow/process for-

BPMN, BPM, workflow
modeling, process
lifecycle models, Soft-

Supports process visuali-

. L. Limited focus on op-
zation, standardization,

Industrial processes, healthcare, . .
erational alignment

heritage building maintenance, role clarification, process

S [14,39,48-50,54] X ware Product Line En- L . . between BPMN
malization and product-service systems, manu- . . maintainability, service
. . . gineering (SPLE), In- . models and CMMS
standardization facturing services . integration, and work-
dustrial Product-Ser- . workflow states
. flow structuring
vice Systems (IPS?)
BPMN, simulation, Improves decision sup Often focuses on
BPMN combined Manufacturing systems, offshore Failure MO‘,ie and Ef port, maintenance plan- .modelmg,. sn.nul.a
o . fects Analysis (FMEA), tion, or optimization
with simulation

and decision-sup-

wind maintenance, equipment

[4,21,41,44,55] :
rental, augmented reality sup-

DESMO-], optimization

models, decision-sup-

ning, process analysis, K
. &P . 4 rather than imple-
simulation of alterna-

t tool. ¢ distributi " i d tional mentation within
ort tools ort, distribution systems ives, and operationa .
P P Y port models, aug- P existing CMMS
. performance assessment
mented reality workflows
L BPMN, service-ori- . Frequently empha-
. Energy systems, building auto- . Enhances automation, d Y emp
BPMN and digital . . . ented architecture . . sizes technological
A [7,17,18,30,33,34,38,56,5 mation, manufacturing, predic- . resilience, predictive ca- | K
transformation . . . (SOA), Business pro- e . integration or pre-
. 7] tive maintenance, Information R pabilities, information . . K
technologies Technologv infrastructu cess as a service ine dieital dictive analytics ra-
echnology infrastructure rocessing, digita
&Y (BPaaS), cloud P & <18 ther than procedural
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computing, digital coordination, and formalization and
twins, 14.0, Artificial in- maintenance decision- CMMS state align-
telligence, process min- making ment

ing, predictive analyt-

ics, sensors, radio fre-

quency identification
(RFID)

BPM, BPMN, BIM/His- Improves documenta- Does not specifically

torical Building Infor-  tion, planning, infor examine BPMN-
BPM, BIM, ERP, N _ & v panning, CMMS alignment in

and Lean-based Energy sector, construction, his-  mation Modeling  mation flow, collabora- corrective mainte-

X [43,46,47,51-53,67]  toric buildings, automotive, aero- (HBIM), ERP, Lean, tion, administrative effi- K
maintenance/pro- . . . . . nance workflows in-

. nautical maintenance Value Stream Mapping  ciency, and mainte- .
cess improvement volving internal and
(VSM), document man- nance-related process
. external stakehold-
agement, flowcharts improvement ors
Highlights the im-

CMMS and mainte- flow mapping, work WO management, infor-
nance information [6,32]

flow studies text processing, graph- maintenance data, and

Limited integration
with BPMN-based
process formaliza-
tion and stake-
holder-driven work-
flow redesign

CMMS, information portance of data quality,

Infrastructure management and . . .

. R . order management, mation flow, historical

industrial maintenance records
ical databases, VSM maintenance knowledge

extraction
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