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FOREWORD 
It is our great pleasure to welcome you to Lisbon, Portugal, and to NOVA 
University Lisbon, the venue of the seventh edition of the International 
Conference on Quality Engineering and Management (ICQEM). Since its 
inception, ICQEM has established itself as a distinguished forum for the 
dissemination of research, the exchange of ideas, and the advancement of 
knowledge in the fields of quality engineering and quality management. 
 
The 7th International Conference on Quality Engineering and Management 
(ICQEM26) brings together scholars, practitioners, and industry leaders to explore 
the evolving role of quality in engineering, management, and organizational 
systems. Building on the success of previous editions, this year’s conference will 
broaden its scope to address how quality principles can be applied to the 
growing complexity of technological, organizational, and societal challenges. 
 
Quality engineering and quality management are no longer confined to 
traditional manufacturing or service environments — they represent critical 
disciplines for navigating uncertainty, driving innovation, and ensuring resilience 
in a rapidly changing world. By adopting a systems perspective, the 7th ICQEM 
seeks to highlight how quality can serve as the connective framework across 
diverse fields such as digital transformation, healthcare, sustainability, supply 
chain management, and organizational design. 
 
The conference will provide a unique interdisciplinary platform for sharing 
research insights, practical experiences, and forward-looking strategies. 
Participants will engage in discussions on emerging methodologies, integration 
of advanced technologies, and the role of leadership in fostering a culture of 
excellence. With a focus on both rigorous academic contributions and real-world 
impact, ICQEM26 emphasizes the power of quality to bridge disciplines and 
tackle complex engineering and management challenges. 
 
At the 7th ICQEM, our aim is to not only advance the theory and practice of 
quality but also to reaffirm its broader mission: building systems that are effective, 
efficient, sustainable, and human-centered. 

 
NOVA University, July 2, 2026. 
Sincerely, 
 

 

 
Conference Local Chair  
André Carvalho, NOVA 
University 
  

 
Conference Chair  
Paulo Sampaio, 
University of Minho 
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ISO Standards from Compliance to Impact - A Systematic Approach for 

Organizations 

Mohamed Aichouni 1, and Ahmed Baha Eddine Aichouni 2  

1 Industrial Engineering Department, College of Engineering, University of Hail, Hail, Saudi Arabia; m.aichouni@uoh.edu.sa 
2 CEMMPRE, ARISE, Department of Mechanical Engineering, University of Coimbra, 3030-788 Coimbra, Portugal; 

aaichouni@student.uc.pt 

  
Abstract — Sustainable development has become a strategic priority for organizations operating in increasingly regulated and 

competitive environments. This study examines the role of international ISO standards as strategic drivers of sustainability and organizational 

performance. Using the PRISMA 2020 protocol, a systematic review of the quality management and sustainability literature was conducted 

across major academic databases. Qualitative content analysis and an Importance–Performance Analysis were applied to synthesize and 

evaluate the practical relevance of the included studies. The review identified 42 individual high-impact international ISO standards, 

organized into six capability domains. The organizations capability domains are core management systems, quality tools and methods, 

people and organizational culture, sustainability and social responsibility, governance and compliance, and innovation and digital 

transformation. The paper proposes the implementation of international standards of core management systems such as ISO 9001, ISO 14001, 

and ISO 45001 with the integration in organizational practice of strategically critical standards, including ISO 26000, ISO 37001, and emerging 

AI governance frameworks ISO/IEC 42001. The proposed model suggests that the 42 ISO standards function not merely as compliance 

mechanisms, but as integrated strategic capabilities embedded within a national quality infrastructure. The study provides a roadmap for 

leveraging international standards to strengthen organizational resilience, through performance improvement, fostering innovation, reducing 

risks and hence contributing to the UN Sustainable Development Goals. 

Keywords – International Standards, Sustainable Development Goals, Organizational Performance, Systematic Review. 

I.  INTRODUCTION 

Organizations currently operate under stringent expectations to institutionalize responsible, transparent, and sustainable 
practices that reconcile operational performance with environmental and social accountability (Denicolai, Zucchella, & 
Magnani, 2021). Sustainability no longer exists as a peripheral initiative; it constitutes a core strategic imperative directing 
corporate and macroeconomic objectives toward sustained value creation. Consequently, international frameworks 
established by the International Organization for Standardization (ISO) serve as the primary mechanisms for operationalizing 
these theoretical sustainability constructs (Moktadir et al., 2020; Womack & Jones, 1996). Containing a repository of over 
40,000 active global standards, the ISO ecosystem provides codified, highly structured methodologies that allow 
organizations to systematize management systems, ensure statistical quality control, mitigate systemic risks, and drive 
empirical improvements in sustainability performance (Barni et al., 2018; Tasleem et al., 2019). 

Core frameworks, including ISO 9001 (Quality Management), ISO 14001 (Environmental Management), ISO 45001 
(Occupational Health and Safety), ISO 50001 (Energy Management), and ISO 26000 (Social Responsibility), establish a 
baseline architecture for embedding sustainable operations across diverse industrial sectors (Arana-Landín et al., 2024; Croft, 
2014; Missimer et al., 2014). Institutionalizing these standards enables consistent process reliability, optimized resource 
utilization, improved workplace safety, and structured societal engagement. When deployed systematically, these 
frameworks advance the United Nations Sustainable Development Goals (SDGs) by anchoring micro-level operational 
processes to quantify macroeconomic, ecological, and sociological indicators (Ronalter, 2023; Mosgaard & Kristensen, 2023). 
Within the specific geopolitical and economic context of developing countries, adopting these ISO standards directly 
supports the strategic mandates of future visions, facilitating economic diversification, structural organizational excellence, 
and long-term sustainability and resilience (Aichouni et al., 2020). 

To address existing analytical limitations, this study introduces a rigorous six-category conceptual framework that classifies 
ISO standards based on their precise functional contributions to sustainability parameters. Derived through a structured 
systematic literature review and empirical synthesis, the taxonomy categorizes standards into: (1) Core Management Systems, 
(2) Quality Tools and Methods, (3) People and Culture, (4) Sustainability and Social Responsibility, (5) Governance and 
Compliance, and (6) Innovation and Digital Transformation. Each defined classification isolates a distinct operational 
capability area, spanning from variance reduction and workforce competency to ethical compliance algorithms and digital 
infrastructure deployment. This integrated theoretical framework establishes a robust construct validity for evaluating how 
aggregated ISO mechanisms facilitate sustainable development and continuous process improvement (Nicoletti Junior & de 
Oliveira, 2019; Rafique et al., 2019; Shin et al., 2018). 

Despite the prevalence of literature examining the isolated effects of specific ISO standards on organizational 
performance metrics, the existing body of knowledge suffers from severe methodological fragmentation and narrow 
epistemological scoping (Latan et al., 2020; Rezak et al., 2022; Schwartz & Tilling, 2009). Previous research designs 
predominantly evaluate single standards, such as ISO 9001 or ISO 14001, confined within monolithic industry strata, thereby 
generating context-bound data that fails to capture the cumulative operational impact of integrated management systems 
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(Louw & Droomer, 2019). This isolated analytical approach compromises the empirical robustness required to understand 
cross-functional interactions among economic, environmental, and social dimensions. Furthermore, the literature lacks 
mathematically grounded, review-based syntheses that categorize ISO standards by strategic utility or measure their 
comparative implementation efficacy. Consequently, the macro-level contribution of these standards remains theoretically 
underdeveloped and practically under-deployed, creating significant adoption disparities in rapidly industrializing 
economies like Saudi Arabia (Aichouni et al., 2023; Al-Tit, Omri, & Euchi, 2019). 

Rectifying these epistemological deficits requires an evidence-based operationalization of the standards most critical to 
sustainability deliverables, determining their multivariate relationships and establishing empirically justified implementation 
priorities. Therefore, this research executes three distinct objectives. First, it systematically synthesizes the peer-reviewed 
literature detailing the impact of ISO standards on the tripartite economic, environmental, and social dimensions of 
sustainability. Second, it constructs a formalized taxonomy that segments ISO standards into six defined operational vectors. 
Third, it deploys an Importance-Performance Analysis (IPA) to quantify the discrepancy between the perceived strategic 
utility of these standards and their actualized implementation rates, isolating high-yield frameworks that remain statistically 
marginalized in practice (Aichouni et al., 2023). 

Fulfilling these parameters provides measurable contributions to organizational theory and industrial practice. The resulting 
data conceptualizes ISO standards not as isolated checklists for compliance, but rather as interdependent variables within a 
National Quality Infrastructure (NQI), enabling organizational capabilities building for sustainability-driven market 
competitiveness. For strategic decision-makers, this study yields a deterministic matrix to synchronize ISO framework adoption 
with the UN SDGs and the precise operational excellence targets sought through ambitious national transformation visions. 

II.  RESEARCH METHODS 

This research operationalizes a Systematic Literature Review (SLR) integrated with an Importance-Performance Analysis 
(IPA) as its primary methodological architecture. The SLR protocol functions as a highly structured, replicable mechanism 
designed to aggregate, critically appraise, and synthesize empirical data. Within the disciplines of quality engineering and 
macro-sustainability, narrative literature reviews are highly susceptible to selection bias and idiographic limitations. The SLR 
methodology neutralizes these threats, generating high construct validity and producing reproducible epistemological 
baselines (Kush et al., 2021; Merli et al., 2018). 

The execution strictly adheres to the five-stage analytical heuristic formalized by Denyer and Tranfield (2009): (1) 
formulation of precise research inquiries, (2) systematic isolation of relevant empirical data, (3) application of rigorous quality 
assessment criteria, (4) standardized data extraction, and (5) structural synthesis. To eliminate subjective variance during 
study selection, the screening parameters were governed by a multidisciplinary panel of subject matter experts in Quality 
Management, Systems Engineering, and Organizational Excellence. The panel utilized a Delphi-based consensus mechanism 
to establish the inclusion/exclusion criteria and applied a double-blind review process for data extraction, achieving a high 
inter-rater reliability threshold necessary for scientifically valid syntheses. 

Subsequent data analysis utilized a deterministic qualitative content analysis, replicating the integrated framework 
modeling procedures established by Senivongse, Bennet, and Mariano (2017). This analytical strategy facilitated the isolation 
of recurring operational variables, causal mechanisms, and theoretical constructs, generating an evidence-based taxonomy 
of how ISO standards actively drive sustainable development. 

A. The SLR Protocol and Search Strategy 

The review architecture was dictated by three fundamental research inquiries. First, identifying the specific ISO frameworks 
that demonstrate statistically significant, peer-reviewed correlations with sustainability performance metrics between 2000 
and 2025. Second, constructing a formalized taxonomy that categorizes these standards based on their distinct functional 
properties. Third, measuring the variance between the theoretical utility of these standards and their actualized 
implementation rates across industries. 

Data acquisition relied upon a highly structured Boolean search syntax executed across four primary scientific databases: 
Web of Science, Scopus, Semantic Scholar, and Google Scholar. The temporal boundary of 2000–2025 was enforced to 
capture the modern evolutionary cycle of standardized sustainability compliance, correlating with the global 
institutionalization of the UN Sustainable Development Goals. Table 1 details the exact search parameters and the resulting 
gross record retrieval. 

TABLE I.  DATABASES, ADVANCED BOOLEAN SEARCH SYNTAX, AND INITIAL YIELD  

Database Algorithmic Search Strings / Boolean Syntax Time Frame Gross Retrieval 

Web of Science TS=("ISO standard*" AND ("sustainability" OR "sustainable 
development" OR "SDG*")) 

2000–2025 523 

Scopus TITLE-ABS-KEY(("ISO 9001" OR "ISO 14001" OR "management 
system*") AND "sustainable development") 

2000–2025 614 

Google Scholar allintitle: ("ISO" OR "International Organization for 
Standardization") AND "sustainability" 

2000–2025 472 

Semantic Scholar ("ISO standards") AND ("environmental performance" OR 
"social responsibility") 

2000–2025 392 

Total  
  

2,001 

 



3 

 

The algorithmic search generated a gross retrieval of 2,001 records. To ensure appropriate evidence-informed synthesis 
and replicability, the data filtration process is mapped according to the PRISMA 2020 (Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses) standard. 

Following automated algorithmic deduplication, the baseline corpus was established at 1,034 unique manuscripts. The 
first screening phase eliminated 481 records that lacked English translations, were non-peer-reviewed (e.g., editorial 
prefaces), or contained incomplete abstracts. A subsequent eligibility assessment removed 97 studies due to severe 
methodological weaknesses or failure to meet the expert panel's quality threshold. The final inclusion phase required full-text 
extraction to confirm a direct, empirically validated linkage between an ISO standard and a quantifiable sustainability 
outcome. This rigorous parameter excluded 406 tangential papers, isolating a core subset of 50 definitive studies for the final 
structural synthesis. The mathematical progression of this protocol is detailed in Table 2. 

TABLE II.  PRISMA 2020 DATA FILTRATION AND RETENTION MATRIX  

PRISMA Stage Operational Description Input Records Excluded Retained Cumulative Retention Rate 

Identification Gross retrieval across four databases - - 2,001 100.0% 

Deduplication Algorithmic removal of duplicate entries 2,001 967 1,034 51.7% 

Screening Title/Abstract evaluation (Language/Format 
constraints) 

1,034 481 553 27.6% 

Eligibility Methodological quality and relevance assessment 553 97 456 22.8% 

Inclusion Full-text extraction confirming empirical linkages 456 406 50 2.5% 

 

B. The Importance-Performance Analysis (IPA) Protocol 

To operationalize the qualitative data extracted during the SLR phase, the isolated ISO frameworks were subsequently 
subjected to an Importance-Performance Analysis (IPA). Developed as a deterministic diagnostic mechanism, the IPA 
methodology provides a quantitative evaluation of organizational resource allocation by measuring the variance between 
the theoretical utility of a variable and its empirical execution. Within this study, the IPA plots the identified ISO standards on 
a two-dimensional Cartesian coordinate system. The vertical Y-axis quantifies the perceived strategic Importance of a 
specific standard in achieving sustainability targets, while the horizontal X-axis measures its Performance, defined here as the 
actualized degree of implementation and maturity within organizational structures. By calculating the mean coordinates for 
each standard, the frameworks are distributed across a four-quadrant matrix. This spatial distribution isolates high-yield 
standards that suffer from implementation deficits, translating theoretical literature into actionable operational intelligence 
(Aichouni et al., 2023). To ensure precise interpretation of the data, the coordinate geometry of the four quadrants is strictly 
defined in Table 3.  

TABLE III.  IMPORTANCE-PERFORMANCE ANALYSIS (IPA) MATRIX  

Quadrant Coordinate Mapping Diagnostic Classification Strategic Operational Directive 

Quadrant I High Importance / High Performance Institutionalized Excellence 
("Keep up the good work") 

Maintain current resource allocation; utilize as anchor systems 
for further integration. 

Quadrant II High Importance / Low Performance Critical Implementation Deficit 
("Concentrate here") 

Immediate priority for strategic intervention. These frameworks 
yield high sustainability returns but remain statistically 
underutilized. 

Quadrant III Low Importance / Low Performance Marginal Utility ("Low priority") Withhold resource deployment. These variables offer minimal 
structural impact on macro-sustainability targets. 

Quadrant IV Low Importance / High Performance Resource Misallocation 
("Possible over-investment") 

Divest or redirect operational focus. Current implementation 
rates exceed the standard's functional value to the system. 

 

The fusion of these two methodologies, the construct validity established by the PRISMA-compliant SLR, coupled with the 
quantitative diagnostic capability of the IPA matrix, produces a suitable for exploratory model development. This dual-
method architecture prevents analytical reliance on isolated case studies and ensures that the final taxonomy functions as 
a mathematically grounded, strategic capability roadmap. Consequently, organizations operating under highly regulated 
national frameworks, such as the UN Sustainable Development Goals and Transformation visions, can deploy these findings 
to systematically eliminate operational variance and drive sustained value creation. 

III. RESULTS 

The outcomes of the systematic literature review (SLR) and qualitative content analysis quantify the direct causal 
relationships between ISO standard execution and macro-sustainability performance. The synthesized data is partitioned into 
six structural categories and isolated during the review process. This section evaluates the degree of empirical support for 
each categorization, maps the cross-functional dependencies between standards and sustainability outcomes, and exposes 
the structural limitations reported across the literature. 

A. Systematic Literature Review (SLR) Results 

The final SLR corpus isolated 50 high-validity primary studies, published between 2000 and 2025, that establish empirical 
linkages between ISO frameworks and sustainability metrics. The longitudinal distribution of the literature indicates a 
statistically significant increase in publication volume post-2015, directly correlating with the global institutionalization of the 
United Nations Sustainable Development Goals (SDGs). The retained studies utilize diverse epistemological designs—including 
large quantitative surveys, structural equation modeling, bibliometric mapping, and deterministic case analyses—deployed 
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across highly heterogeneous industrial matrices. Table 4 isolates five foundational manuscripts that exert dominant theoretical 
influence over the synthesized corpus. 

TABLE IV.  FOUNDATIONAL LITERATURE DRIVING THE EMPIRICAL SYNTHESIS  

No. Authors / Journal Target Domain Methodological Design Synthesized Outcome 

1 Zhao et al. (2020), 
Sustainability 

SDG Linkages: 
Food & Agriculture 

Systematic Literature Review ISO standards provide measurable support for SDG 2 targets; 
however, adoption variance among small-scale producers 
restricts macro-impact. 

2 Bravi et al. (2020), Corp. 
Soc. Resp. & Env. Mgmt. 

ISO 14001:2015 
Implementation 

Quantitative Survey (n = 284) Environmental Management System (EMS) execution 
optimizes risk prevention and ecological metrics but 
introduces significant administrative complexity thresholds. 

3 Ronalter et al. (2023), 
The TQM Journal 

Management 
System Standards 
& SDGs 

Bibliometric Analysis Research saturation exists within core standards; systemic 
integration of peripheral standards is required to scale 
corporate sustainability outcomes. 

4 Hahn (2013), Business 
Strategy and the 
Environment 

ISO 26000 & 
Strategic 
Management 

Critical Analytical Review ISO 26000 functions as an effective baseline for Corporate 
Social Responsibility (CSR) initiation but lacks operational 
mechanisms for advanced strategic integration. 

5 Nunhes et al. (2021), 
Frontiers in Sustainability 

Annex SL 
Architecture & 
Sustainability 

Systematic Literature Review Utilizing the Annex SL High-Level Structure to integrate ISO 
9001, 14001, and 45001 forces structural coherence across 
corporate sustainability vectors. 

 

B. Core Management Systems and Quality Tools 

Core Management System architecture specifically ISO 9001, ISO 14001, and ISO 45001, constitute the most heavily 
analyzed frameworks within the empirical corpus. The data dictates that deploying these standards yields statistically 
significant improvements in economic, environmental, and social performance matrices, provided they are executed 
comprehensively rather than symbolically (Ronalter et al., 2023; Bravi et al., 2020; Zimon et al., 2020). ISO 14001 correlates 
strongly with structural waste reduction, optimized resource utilization, and quantifiable ecological gains (Zeng et al., 2011). 
Concurrently, ISO 9001 reinforces economic resilience by minimizing operational variance and enforcing strict statistical 
process control (Macdonald, 2005; Zutshi & Sohal, 2004). However, the literature confirms that the efficacy of these 
architectures is highly dependent on internal control variables; organizational maturity, cross-departmental integration, and 
executive sponsorship dictate the ultimate yield of the system (Karapetrovic & Willborn, 1998). Furthermore, integrating 
multiple architectures via the Annex SL High-Level Structure effectively neutralizes operational redundancy, cementing these 
standards as interconnected operational variables rather than isolated compliance checklists. 

C. People, Culture, and Social Responsibility 

Frameworks targeting human capital and organizational ethics, primarily ISO 26000 (Social Responsibility) and ISO 45001 
(Occupational Health and Safety), operationalize the sociological dimension of sustainable development. These standards 
mandate stakeholder integration, verifiable safety controls, and ethical corporate governance (Herrera-Sánchez et al., 2024; 
Hahn, 2013; Silva et al., 2022). ISO 26000 functions as the baseline architecture for establishing formal CSR programs; however, 
the literature notes that its non-certifiable structure limits its utility as a strategic differentiator for mature organizations (Hahn, 
2013; Lozano & von Haartman, 2018). The empirical data confirms that fusing social responsibility protocols with safety 
management systems generates high employee engagement and cultural alignment. Yet, the industrial penetration of these 
social frameworks remains significantly lower than that of their environmental and quality counterparts (Ronalter et al., 2023). 
The synthesis dictates an operational necessity to scale people-centric standards to correct the heavy ecological bias 
present in traditional ISO implementations. 

D. Governance, Compliance, and Innovation 

The literature demonstrates a rapid functional evolution in governance and innovation frameworks. Standards such as ISO 
31000 (Risk Management), ISO 37001 (Anti-Bribery Management), and ISO 37301 (Compliance Management), alongside ISO 
56002 (Innovation Management) and ISO 50001 (Energy Management), establish the structural mechanisms connecting 
accountability with sustainable innovation (Herrera-Sánchez et al., 2024; Fonseca et al., 2022; Škrinjar et al., 2023). These 
architectures operationalize transparency protocols, allowing organizations to manage asymmetric risks associated with 
climate volatility and digital transformation. However, the data reveals severe adoption variance across industrial sectors. 
The integration of these advanced governance modules into existing Core Management Systems is frequently restricted by 
capital constraints and a lack of executive technical competence (Nawrocka & Parker, 2009; Zutshi & Sohal, 2004). 
Consequently, the literature mandates embedding these advanced architectures directly within primary operational 
frameworks to prevent the formation of isolated compliance silos. 

E. Integration, Limitations, and Critiques 

The empirical corpus contains severe critiques regarding the mechanical implementation of ISO standards. The data 
isolates a recurring failure mode: superficial procedural compliance without structural cultural alignment leads to "symbolic 
certification"—generating audit approval without executing tangible sustainability improvements (Boiral, 2011; Lozano & von 
Haartman, 2018). Furthermore, implementing disparate standards without a centralized integration mechanism produces 
severe administrative bloat and structural fragmentation (Rebelo et al., 2015). The literature also identifies a principle of 
diminishing marginal returns; highly mature organizations experience a minimal performance delta when adding tertiary 
certifications to an already optimized system (Bernardo et al., 2009). These empirical critiques confirm that ISO frameworks do 
not function as autonomous solutions. Their capacity to drive macro-sustainability is entirely contingent upon strategic 
integration, continuous innovation cycles, and mature organizational governance. 
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F. Importance-Performance Analysis (IPA) RESULTS 

The Importance-Performance Analysis (IPA) generated deterministic coordinate mappings for the isolated ISO standards, 
quantifying the systemic variance between strategic utility Y-axis) and actualized institutional performance (X-axis). The 
spatial distribution across the mathematical matrix reveals acute implementation disparities among the six structural 
categories (Table 5). Core Management Systems—specifically ISO 14001, ISO 9001, and ISO 45001—exhibit the highest spatial 
coordinates in both variables, confirming absolute market saturation and mature execution methodologies. In stark contrast, 
frameworks governing social accountability, ethical compliance, and digital innovation register high theoretical importance 
coordinates but suffer from severe performance deficits. These findings suggest a systemic imbalance worth further empirical 
examination: organizations recognize the strategic necessity of advanced sustainability mechanisms but lack the operational 
capacity to deploy them effectively. 

TABLE V.  IMPORTANCE–PERFORMANCE MATRIX  

ISO Standard Category Importance (Mean) Performance (Mean) Quadrant 

Classification 

Interpretation 

ISO 14001 Core Management 
Systems 

4.8 4.6 I – Keep up the 
good work 

Strong environmental results and 
maturity of implementation 

ISO 9001 Core Management 
Systems 

4.7 4.5 I – Keep up the 
good work 

Proven driver of quality and 
competitiveness 

ISO 45001 Core Management 
Systems 

4.6 4.4 I – Keep up the 
good work 

Effective in improving 
occupational safety culture 

ISO 26000 Sustainability & Social 
Responsibility 

4.7 3.5 II – Concentrate 
here 

High potential for social impact; 
limited formal adoption 

ISO 20400 Sustainability & Social 
Responsibility 

4.6 3.6 II – Concentrate 
here 

Key for sustainable 
procurement; needs stronger 
implementation 

ISO 56002 Innovation & Digital 
Transformation 

4.5 3.4 II – Concentrate 
here 

Emerging relevance for 
innovation-driven sustainability 

ISO 37301 Governance, Risk & 
Compliance 

4.3 3.9 I – Keep up the 
good work 

Strengthening compliance and 
ethical practices 

ISO 37001 Governance, Risk & 
Compliance 

4.2 3.7 II – Concentrate 
here 

Vital for anti-corruption but 
uneven diffusion 

ISO 10015 People, Competence & 
Culture 

3.9 3.3 III – Low priority Moderate impact; potential to 
reinforce human-capital 
sustainability 

ISO/IEC 42001 Innovation & Digital 
Transformation 

4.6 3.2 II – Concentrate 
here 

Critical for AI governance; very 
early in adoption cycle 

ISO 31000 Governance, Risk & 
Compliance 

4.2 4.1 I – Keep up the 
good work 

Well-institutionalized approach 
to risk and resilience 

ISO 50001 Core Management 
Systems 

4.5 3.8 II – Concentrate 
here 

Significant contribution to 
energy transition, limited uptake 

 
The empirical mapping translates into four strict operational directives defined by the spatial distribution of the frameworks 

within the coordinate matrix. Quadrant I designates standards classified as Institutionalized Excellence (ISO 9001, 14001, 45001, 
31000, 37301), which function as mature structural anchors requiring maintained capital allocation to facilitate the integration 
of secondary frameworks. The literature corroborates this positioning, confirming that executing these core frameworks 
establishes the fundamental architecture necessary to reduce operational variance, unify compliance audits, and convert 
baseline sustainability metrics into structural competitive advantage (Bravi et al., 2020; Zimon & Madzík, 2020). Conversely, 
Quadrant II exposes Critical Implementation Deficits, isolating ISO 26000, 20400, 56002, 37001, 50001, and ISO/IEC 42001 as 
primary vectors for future sustainability scaling that possess massive strategic leverage yet fail to penetrate operational reality. 
Recent empirical assessments demonstrate this variance; despite offering quantifiable financial and ecological benefits, ISO 
50001 implementation is severely restricted by technical complexity, achieving sub-15% penetration within advanced 
industrial sectors (Pagulayan & Calderon, 2026). Similarly, ISO 56002 remains a historically underutilized mechanism required 
to bypass early-stage innovation failures (BSI, 2026; Fonseca et al., 2022), while the ISO 26000 social responsibility framework 
suffers from extreme latency due to procedural ambiguity (Castka, 2018; Hahn, 2013), dictating immediate executive 
intervention and targeted competency development. In stark contrast, Quadrant III identifies frameworks such as ISO 10015 
as Marginal Utility variables, mapping them to a low-priority sector where they exert insufficient mathematical impact on 
macro-sustainability targets to justify immediate capital deployment. The literature demonstrates a strict principle of 
diminishing returns in this sector, proving that isolating micro-standards without anchoring them to mature Quality 
Management Systems generates negligible systemic improvement (Aichouni et al., 2023; Bernardo et al., 2009). Finally, 
Quadrant IV, representing Resource Misallocation, returned null results, confirming that organizations are not over-investing 
in low-impact standards; because all high-performance frameworks strictly align with high strategic importance metrics, the 
data validates that organizational capital—while restricted in scope as seen in Quadrant II—is deployed efficiently wherever 
it is actively allocated (Nicoletti Junior & de Oliveira, 2019). 

IV. DISCUSSION: THE PROPOSED ISO CAPABILITY MODEL 

The empirical evidence synthesized through the systematic review confirms that ISO standards function as fundamental 
structural mechanisms for sustainable development, provided they are deployed within integrated management systems 
that unify quality, environmental, and social responsibility parameters (Bernardo et al., 2009; Bravi et al., 2020; Castka & 
Balzarova, 2008; Jørgensen et al., 2006; Zimon & Madzík, 2020; Zutshi & Sohal, 2004). The six-category architectural framework 
constructed in this study establishes a deterministic taxonomy, demonstrating how organizations systematically align specific 
standards to discrete sustainability objectives—ranging from variance reduction and ecological control to ethical 
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governance and innovation matrices (Fonseca et al., 2022; Hahn, 2013; Herrera-Sánchez et al., 2024; Karapetrovic & Willborn, 
1998; Škrinjar et al., 2023; Zutshi & Sohal, 2004). However, the synthesis dictates that the functional yield of ISO standards 
remains severely context dependent. The mathematical impact of these frameworks fluctuates significantly based on 
external sector constraints, organizational scale, executive sponsorship, and the degree of cross-functional integration (Bravi 
et al., 2020; Castka & Balzarova, 2008; Jørgensen et al., 2006; Lozano & von Haartman, 2018; Ochieng & Awuor, 2020; Zutshi 
& Sohal, 2004). 

Analyzing the distribution of empirical support across the taxonomy, environmental and quality management standards 
(ISO 14001, ISO 9001, and ISO 45001) maintain the highest verifiable correlations with optimized economic and ecological 
outcomes (Bernardo et al., 2009; Bravi et al., 2020; Castka & Balzarova, 2008; Jørgensen et al., 2006; Zeng et al., 2011; Zimon 
& Madzík, 2020; Zutshi & Sohal, 2004). The literature provides exhaustive statistical proof of measurable reductions in material 
waste, increased energy utilization ratios, and enhanced continuous process capability metrics. Conversely, standards 
governing social accountability and ethical compliance—specifically ISO 26000, ISO 37001, and ISO 37301—exhibit critical 
implementation deficits. Despite their established necessity for structural sustainability, these frameworks remain statistically 
marginalized (Hahn, 2013; Karapetrovic & Willborn, 1998; Lozano & von Haartman, 2018; Ochieng & Awuor, 2020; Rebelo et 
al., 2015; Silva et al., 2022). This severe adoption asymmetry indicates a systemic flaw: organizational capital is 
disproportionately allocated toward certifiable, audit-driven quality standards rather than frameworks mandating ethical or 
sociological performance. Reactivating this imbalance requires aggressive institutional incentivization and strict executive 
mandates. 

The literature also isolates critical failure modes associated with standardized execution. Foremost, isolated procedural 
adoption frequently triggers "symbolic compliance"—satisfying audit requirements without generating substantive 
operational improvements (Bernardo et al., 2009; Boiral, 2011; Lozano & von Haartman, 2018; Ochieng & Awuor, 2020; Rebelo 
et al., 2015). Furthermore, deploying multiple, disconnected ISO frameworks induces severe administrative bloat and 
structural fragmentation (Boiral, 2011; Lozano & von Haartman, 2018; Ochieng & Awuor, 2020). The data proves a strict 
principle of diminishing marginal returns; resource-constrained organizations, or those operating with immature baseline 
systems, extract negligible value from secondary or tertiary certifications (Bernardo et al., 2009; Lozano & von Haartman, 
2018; Ochieng & Awuor, 2020). These empirical constraints dictate that ISO frameworks do not function as autonomous 
instruments. They must be operationalized as integrated variables within a mature Quality Management System, structurally 
reliant on continuous innovation and robust corporate governance. Consequently, the macro-impact of these standards 
only materializes when organizations leverage them as mechanical drivers for continuous capability expansion rather than 
static regulatory checklists (Table 6). 

TABLE VI.  KEY RESEARCH OUTCOMES 

Synthesized Claim Empirical Validity Functional Logic References 

ISO 14001 implementation optimizes 

environmental performance and 

accelerates sustainable development 

metrics. 

High Large-scale empirical sampling confirms 
measurable reductions in ecological waste, 
optimized resource allocation, and verifiable 
alignment with macro-environmental targets. 

(Bernardo et al., 2009; Bravi et al., 2020; 
Castka & Balzarova, 2008; Jørgensen et 
al., 2006; Zeng et al., 2011; Zimon & 
Madzík, 2020; Zutshi & Sohal, 2004) 

Integrating ISO 9001, 14001, and 45001 

drives triple-bottom-line structural 

coherence. 

High Structural integration neutralizes redundancy 
and synchronizes economic, environmental, 
and social governance variables into a 
singular operational control mechanism. 

(Bernardo et al., 2009; Castka & 
Balzarova, 2008; Jørgensen et al., 2006; 
Ronalter et al., 2023; Zimon & Madzík, 
2020; Zutshi & Sohal, 2004) 

ISO 26000 functions as a foundational CSR 

architecture but lacks advanced strategic 

mechanics. 

Moderate The framework successfully initiates baseline 
sociological compliance, but its non-
certifiable structure restricts its utility as a 
competitive differentiator for highly mature 
organizations. 

(Hahn, 2013; Lozano & von Haartman, 
2018; Ochieng & Awuor, 2020; Rebelo et 
al., 2015) 

Unintegrated procedural adoption 

generates symbolic compliance without 

substantive performance yield. 

Moderate Executing standards purely for audit 
validation, without achieving cultural or 
operational alignment, severely limits 
actualized sustainability improvements. 

(Bernardo et al., 2009; Boiral, 2011; 
Lozano & von Haartman, 2018; Ochieng 
& Awuor, 2020; Rebelo et al., 2015) 

Innovation (ISO 56002) and Energy (ISO 

50001) standards exhibit high strategic 

utility but suffer from systemic 

implementation deficits. 

Moderate These frameworks demonstrate high 
theoretical capacity to drive digital and 
energy transitions, yet empirical penetration 
remains constrained by capital costs and 
technical complexity. 

(Fonseca et al., 2022; Nawrocka & 
Parker, 2009; Škrinjar et al., 2023; Zutshi & 
Sohal, 2004) 

ISO standard efficacy is strictly 

moderated by external sector parameters 

and internal organizational scale. 

Moderate Quantitative assessments prove that the 
functional yield of standard deployment 
fluctuates based on localized constraints, 
structural maturity, and regional regulatory 
pressures. 

(Bravi et al., 2020; Jørgensen et al., 2006; 
Karapetrovic & Willborn, 1998; Zeng et 
al., 2011) 

 

A. The ISO Standards for Sustainable Development 

The culmination of this empirical synthesis is a definitive architectural taxonomy comprising forty-two international 
standards. These frameworks represent the verified mechanisms required to institutionalize organizational sustainability across 
economic, environmental, and sociological dimensions. The extracted standards have been rigorously validated and 
segmented into six structural vectors: Core Management Systems; Quality Support, Methods, and Tools; People, 
Competence, and Culture; Sustainability and Social Responsibility; Governance, Risk, and Compliance; and Innovation, 
Technology, and Digital Transformation. This structural organization maps directly to the United Nations Sustainable 
Development Goals (SDGs) and the macroeconomic imperatives of the Transformation visions framework. By defining 
standards not as isolated regulations but as integrated mechanisms, this taxonomy provides strategic planners with an exact 
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operational roadmap to execute the triple-bottom-line methodology—People, Prosperity, and Planet. The literature confirms 
that deploying this holistic architecture converts theoretical sustainability targets into organizational capabilities (Zairi, 2014; 
Mosgaard & Kristensen, 2023; Ronalter et al., 2023). 

Figure (1) shows the proposed integrated ISO standards for organizational sustainability; It illustrates how 42 ISO standards, 
organized into six capability domains and integrated around the triple sustainability core (economic, environmental, and 
social). It is suggested that through this model the six capability domains interact as a chain of reactions to leverage ISO 
standards from compliance to performance excellence and achieving sustainability for humanity (People, Prosperity and 
Planet). 

TABLE VII.  THE ARCHITECTURAL TAXONOMY OF ISO STANDARDS (PROPOSED MODEL) 

Structural Category Standard Designation Functional Nomenclature Operational Relevance within the System 

Core Management Systems ISO 9001:2015 Quality Management Systems Foundational architecture for process control 
and variance reduction. 

ISO 14001:2015 Environmental Management Systems Primary control mechanism for ecological 
impact mitigation. 

ISO 45001:2018 Occupational Health & Safety Systems Enforces verifiable safety controls and risk 
neutralization. 

ISO 50001:2018 Energy Management Systems Dictates strict energy efficiency and carbon 
output optimization. 

ISO 30401:2018 Knowledge management systems Secures reliability across highly regulated 
biological supply chains. 

ISO/IEC 27001:2022 Information Security Management Systems Protects structural data integrity against digital 
volatility. 

ISO 21001:2018 Educational Organizations Mgmt. Systems Institutionalizes quality control within learning 
ecosystems. 

Quality Support, Methods & 

Tools 

ISO 10002–10004:2018 Quality management - Customer Satisfaction 

Guidelines 

Calibrates external stakeholder feedback to 
internal process metrics. 

ISO 10005:2018 Quality management - Quality Plans Guidlines  Establishes execution reliability for isolated 
operational initiatives. 

ISO 10006:2017 Quality management – Quality in Projects  Establish guidelines to ensure quality in projects 

ISO 10017:2021 Quality management — Guidance on 
statistical techniques for ISO 9001 

Forces strict mathematical rigor into qualitative 
decision-making. 

ISO 10009:2024 Quality management — Guidance for quality 
tools and their application 

Guidelines for selection of Quality tools and 
techniques for process improvement projects  

ISO 19011:2018 Auditing Management Systems Governs the internal continuous improvement 
and verification cycle. 

People, Competence & 

Culture 

ISO 10010:2022 Quality Culture Guidance Engineers behavioral alignment with quality 
objectives. 

ISO 10015:2019 Competence Management Standardizes human capital acquisition and 
capability retention. 

ISO 10018:2020 People Engagement Structurally mandates participative 
operational excellence. 

ISO 20700:2017 Management Consultancy Services Governs external advisory quality and 
intervention reliability. 

ISO 18404:2015 Six Sigma & Lean Competence Certifies high-level statistical process capability 
within personnel. 

ISO 29993:2017 Learning Services Outside Formal Ed. Regulates non-traditional capability 
development vectors. 

ISO 30414:2018 Human resource management — Guidelines  Guidelines for internal and external human 
capital reporting 

Sustainability & Social 

Responsibility 

ISO 14004 / 14031 Environmental Implementation & Eval. Installs deterministic performance 
measurement for ISO 14001. 

ISO 26000:2010 Social Responsibility Defines the baseline architecture for ethical 
corporate action. 

ISO 20400:2017 Sustainable Procurement Forces supply chain networks to adopt 
environmental controls. 

ISO 37101 / 37120 Sustainable Development in Communities Expands standard application from enterprise 
to municipal levels. 

ISO 59004:2024 Circular economy — Framework, principles 
and guidance for implementation 

Guidance for implementation of circular 
economy concepts 

Governance, Risk & 

Compliance 

ISO 37001 / 37301 Anti-Bribery & Compliance Systems Constructs rigid legal barriers and ethical 
transparency mandates. 

ISO 22301:2019 Business Continuity Management Engineers systemic resilience against severe 
external shocks. 

ISO 31000:2018 Risk Management Guidelines Provides the universal mathematical 
framework for managing uncertainty. 

ISO 37000:2021 Governance of organizations — Guidance Guidance on implementation of governance 
in organizations 

ISO 37004 / 44000 Governance Maturity & Collaboration Secures inter-organizational trust through 
auditable parameters. 

Innovation & Digital 

Transformation 

ISO/IEC 42001:2023 AI Management Systems Implements critical algorithmic governance 
and ethical AI controls. 

ISO/IEC 38507:2022 Governance implications of the use of artificial 
intelligence by organizations 

Governance implications of the use of artificial 
intelligence by organizations 

ISO/IEC 38500 / 38507 Governance of IT and AI Mandates board-level accountability for 
technological deployment. 
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ISO 56000 / 56002 / 
56005 

Innovation & IP Management Systematizes R&D capability to prevent 
innovation failure modes. 

 

 

FIGURE I. INTEGRATED ISO STANDARDS CAPABILITY-TO-IMPACT MODEL FOR ORGANIZATIONAL SUSTAINABILITY 

B. Structural and Managerial Implications 

From a theoretical perspective, this research advances the conceptualization of ISO standards beyond passive regulatory 
checklists, identifying them instead as adaptive operational capabilities. The six-category architectural framework proves 
that cross-standard integration eliminates structural redundancy and accelerates macro-sustainability objectives. By linking 
this taxonomy to the UN SDGs and Transformation visions, the study provides robust literature demonstrating that standard-
based governance functions as a highly scalable model for national economic transformation (Aichouni et al., 2020; Ronalter 
et al., 2023; Tasleem et al., 2019). 

At the managerial level, the Importance-Performance Analysis (IPA) matrix delivers a deterministic roadmap for capital 
allocation. Executive leadership must abandon generic standard adoption and instead utilize the data to target Critical 
Implementation Deficits (Quadrant II). Prioritizing investment in underutilized, high-leverage frameworks—specifically ISO 
26000 (Social Responsibility), ISO 37001 (Anti-Bribery), and ISO/IEC 42001 (Artificial Intelligence)—will generate severe 
competitive advantages. To avoid administrative failure, these secondary architectures must be hardwired directly into the 
mature Core Management Systems (ISO 9001, 14001) mapped in Quadrant I, ensuring balanced, triple-bottom-line 
performance (Zairi, 2014; Latan et al., 2020; Zimon & Madzík, 2020). 

From a macroeconomic policy perspective, the empirical data exposes severe systemic vulnerabilities within the National 
Quality Infrastructure (NQI). Implementation latency is heavily concentrated within Small and Medium-sized Enterprises (SMEs) 
due to prohibitive capital costs and technical complexity barriers (Al-Tit, Omri, & Euchi, 2019; Lee & Kim, 2022). To correct this 
variance, policymakers must engineer targeted interventions. Establishing aggressive certification subsidization, deploying 
specialized competency training, and legally embedding advanced ISO standards into national procurement requirements 
will enforce mass compliance. Executing these policy adjustments will permanently align industrial operations with SDG 
parameters, securing Saudi Arabia’s position as a regional authority in standard-driven economic excellence. 

V. CONCLUSIONS 

This research employed a dual-method Systematic Literature Review (SLR) and Importance–Performance Analysis (IPA) to 
examine the operational contribution of ISO standards to macro-sustainability objectives. The empirical synthesis resulted in 
a validated, six-domain architectural taxonomy comprising forty-two international ISO standards, demonstrating that these 
frameworks function not as isolated regulatory checklists but as integrated organizational capabilities for operationalizing 
economic, environmental, and social governance. The IPA mapping confirms that core environmental and quality 
management systems—most notably ISO 14001, ISO 9001, and ISO 45001—act as institutionalized anchors, delivering 
consistent process stability, risk reduction, and environmental performance improvements. At the same time, the analysis 
reveals critical implementation gaps in high-leverage domains related to social responsibility, innovation, and digital 
transformation, particularly ISO 26000, ISO 56002, and ISO/IEC 42001. Addressing these adoption asymmetries is essential for 
aligning organizational practices with the United Nations Sustainable Development Goals and national transformation visions. 
Overall, the findings reinforce the argument that long-term sustainability cannot be achieved through compliance-oriented 
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certification alone but requires a deliberate transition toward standard-driven capability integration and continuous 
organizational learning. 

Building on these findings, several directions for future research are necessary and promising. First, empirical validation of 
the proposed model through large-scale surveys, structural equation modeling, or longitudinal case studies would allow 
quantitative testing of the causal relationships between integrated ISO capability domains and sustainability performance 
outcomes. Second, future studies could explore contextual differentiation, examining how organizational size, sector, maturity 
level, and national regulatory environments moderate the effectiveness of specific ISO standards within the model, with 
particular attention to small and medium-sized enterprises. Third, the dynamic interaction between emerging governance 
and digital standards, such as ISO/IEC 42001 for artificial intelligence management, and traditional management system 
standards warrants deeper investigation, especially in light of accelerating digital transformation and ethical risks. Finally, 
future research could operationalize the model as a staged or maturity-based implementation roadmap, enabling 
organizations to prioritize ISO adoption pathways aligned with resource availability and strategic objectives. Such research 
extensions would strengthen the empirical grounding of the proposed framework and support its evolution from a conceptual 
sustainability model into a robust decisions support tool for organizations and policymakers. 
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Abstract— Operational Excellence (OpEx) models are well established in industrial and service settings, but their application to 

public Research Centres (RC) remains limited. These organisations operate in knowledge-intensive environments while facing rigid 
administrative systems, diffuse responsibilities, and strong public accountability, which make direct transfers of existing OpEx models 
inadequate. This paper introduces an OpEx model specifically developed to the organisation and management of RC. The model 
was developed using an Action Research approach, combining insights from literature, semi-structured interviews, and a 
questionnaire applied in a Portuguese RC. It is structured around seven guiding principles, two structural pillars, and a dual-cycle 
improvement logic linking tactical problem-solving with strategic development, all oriented towards a broader societal purpose. 
The results show that some principles can be readily adapted to the RC context, whereas others require reinterpretation. The model 
contributes by extending OpEx to a context that is still little explored and also by emphasizing the implementation of principles 
through concrete practical guidelines, instead of focusing only on the conceptual adaptation/adoption of these same principles. 

Keywords – Operational Excellence, Research Centres, Continuous Improvement, Organizational Performance 

I. INTRODUCTION 

In the pursuit of continuous improvement, organizations seek excellence by applying principles rooted in 
Operational Excellence (OpEx) models (Carvalho, 2021; Sony, 2019). Over recent years, a growing body of research 
has explored the implementation of such models across diverse organizational contexts (Liker and Morgan, 2006; 
Narayanamurthy, et al.,2017; Carvalho, 2021; Jengwa and Pellissier, 2022), including the public sector - police 
departments, hospitals, municipal agencies, and educational institutions (Caiado et al., 2020; Rahmati and Jalilvand, 
2024; Shamsuzzaman et al., 2023). Systematic literature reviews confirm the relevance of these initiatives in such 
environments (Caiado et al., 2020; Lukrafka et al., 2020; Rodgers and Antony, 2019). Although OpEx models provide 
a structured means to enhance efficiency and performance (Caiado et al., 2020; Rodgers and Antony, 2019), their 
direct transferability to public contexts poses challenges. Originally developed for profit-oriented environments, these 
models often require adaptation to contexts characterized by complex bureaucracies and non-financial goals 
(Hildebrandt et al., 2022; Rahmati and Jalilvand, 2024; Rodgers and Antony, 2019). As Radnor and Walley (2008) 
highlight, public organizations may either adopt isolated Lean practices or pursue comprehensive transformations. 
However, many public sector improvement efforts remain superficial, often focusing on short-term cost reduction and 
process speed, without fostering a lasting culture of learning. According to Radnor’s “House of Lean for Public 
Services” (Caiado et al. (2020), the goal is to achieve “[...] a whole process, value chain or system view, embedded 
improvement behaviours and stable robust processes”.  

Public Research Centres (RC) face a paradoxical condition. They operate in knowledge-intensive environments 
while facing rigid administrative and financial systems that limit autonomy. Their core activity depends on creativity 
and long-term collaboration, while their sustainability relies on compliance and continuous funding acquisition 
(Coccia, 2019a; Ryazanova and Jaskiene, 2022). Daily management is often tactical rather than strategic driven by 
the pressure to secure resources, report metrics, and satisfy overlapping evaluation systems. RC work within host 
institutions whose infrastructures and rules they do not fully control, creating tensions between academic freedom 
and operational constraints. These characteristics distinguish RC from other organisations where OpEx models are 
typically implemented. In the national context, these centres play a pivotal role in research and innovation systems. 
Often affiliated with universities, they conduct interdisciplinary Research and Development (R&D), foster knowledge 
transfer, and train highly qualified personnel. In Portugal, public RC account for a significant share of scientific output 
and contribute to strategic priorities such as digital transition, sustainability, and health (“FCT - Fundação para a 
Ciência e a Tecnologia,” 2025). Yet these centres face operational pressures stemming from competitive funding and 
the need to demonstrate societal value (“CoARA,” 2023; Coccia, 2019b, 2019a). These pressures are intensified by 
rigid structures and growing expectations for transparency and efficiency (Antony et al., 2017; “CoARA,” 2023; 
Pekkanen and Pirttilä, 2022). Among the most recurrent operational challenges are inefficiencies in procurement (e.g., 
purchasing of equipment and materials), maintenance (e.g., equipment and facilities), and research management 
that directly affect institutional performance. Despite this, RC remain underexplored as complex operational systems.  

To map the current state of knowledge on this matter, a systematic literature review (SLR) was conducted 
previously by the authors, guided by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
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(PRISMA) methodology (Mengist et al., 2020; Moher et al., 2010). No studies explicitly addressing OpEx models in RC 
were identified.  

The prevailing perception that scientific rigor alone ensures excellence tends to obscure the importance of 
structured operational practices. Yet improving internal processes and eliminating inefficiencies are vital to guarantee 
performance, sustainability, and resilience. Developing and validating tailored OpEx models may thus strengthen 
institutional capacity and societal impact.  

This paper presents the development of an OpEx model adapted to the specific characteristics of RC. Grounded 
in an Action Research (AR) approach, it integrates insights from literature, semi-structured interviews, and a 
questionnaire implemented at the Centre of Biological Engineering (CEB), from University of Minho, a Portuguese RC 
known for its scientific excellence. The resulting model is empirically grounded and sensitive to the context of publicly 
funded research institutions, contributing to both scholarly literature and practical management improvement. 

II. METHODOLOGY 

This study follows AR as the guiding methodology for developing an OpEx model adapted to RC.  AR is particularly 
suited to contexts in which the goal is both to generate academic knowledge and to drive organizational change 
through direct involvement in practice (Coughlan and Coghlan, 2002). The overall process is summarized in Fig.1, 
which illustrates how the literature and the researcher embeddedness in the RC informed the empirical stages and 
how each phase contributed to the iterative development of the model.  

Fig. 1. Methodology. 

III. THE RESEARCH WAS CONDUCTED IN CLOSE COLLABORATION WITH A PORTUGUESE RC. FOLLOWING AN INITIAL PHASE FOCUSED ON 

UNDERSTANDING THE CONTEXT AND PURPOSE, THE STUDY PROGRESSED THROUGH FOUR STAGES: DIAGNOSIS, PLANNING, ACTION, AND EVALUATION. 
THE FIRST PHASE INCLUDED A SLR THAT MAPPED EXISTING OPEX MODELS AND PRINCIPLES, HIGHLIGHTING GAPS IN THEIR APPLICATION TO PUBLIC 

RESEARCH ORGANISATIONS. COMBINED WITH RESEARCHER IMMERSION, THIS STAGE ENABLED THE IDENTIFICATION OF RELEVANT CONSTRUCTS AND 

CONTEXTUAL FACTORS. BUILDING ON THIS, PHASE 2 INVOLVED A MULTI-METHOD DIAGNOSTIC, INCLUDING SEMI-STRUCTURED INTERVIEWS WITH SEVEN 

CURRENT AND FORMER DIRECTORS OF HIGH-PERFORMING RC. INTERVIEW DATA WERE AUDIO-RECORDED, TRANSCRIBED, AND ANALYSED USING A 

DEDUCTIVE THEMATIC ANALYSIS APPROACH GROUNDED IN THE STUDY CONSTRUCTS.  COMPLEMENTING THESE QUALITATIVE INSIGHTS, A STRUCTURED 

QUESTIONNAIRE WAS ADMINISTERED TO COLLABORATORS ACROSS SCIENTIFIC, TECHNICAL, AND ADMINISTRATIVE ROLES AT THE RC UNDER STUDY, 
YIELDING 109 VALID RESPONSES FROM A POPULATION OF 260 PARTICIPANTS. QUANTITATIVE DATA WERE ANALYSED USING DESCRIPTIVE STATISTICAL 

METHODS, AND QUESTIONNAIRE RELIABILITY WAS ALSO ASSESSED PRIOR TO APPLICATION. BOTH INSTRUMENTS WERE SUBJECTED TO PRE-TESTING USING 

A THINK-ALOUD APPROACH. TOGETHER, THESE METHODS CONNECTED STRATEGIC PERSPECTIVES WITH DAILY REALITIES. THE INSTRUMENTS TARGETED 

FOUR KEY CONSTRUCTS: OPEX PRINCIPLES, CRITICAL SUCCESS FACTORS, PROBLEMATIC PROCESSES, AND EMPLOYEE ENGAGEMENT. PHASE 3, 
WHICH IS THE FOCUS OF THIS PAPER, CONCERNS MODEL DEVELOPMENT BASED ON INSIGHTS FROM THE EMPIRICAL DATA AND EXISTING MODEL 

STRUCTURES. THE MODEL WAS DEVELOPED USING AN ABDUCTIVE APPROACH, WHERE THEORY AND DATA WERE ITERATIVELY ALIGNED (ÅHLSTRÖM ET 

AL., 2021). THE STUDY RECEIVED APPROVAL FROM THE ETHICS COMMITTEE FOR RESEARCH IN SOCIAL AND HUMAN SCIENCES OF THE UNIVERSITY OF 

MINHO, AND INFORMED CONSENT WAS OBTAINED FROM ALL PARTICIPANTS PRIOR TO DATA COLLECTION. NOTABLY, THE OBJECTIVE OF THE STUDY 

WAS NOT REACHING A GENERIC OUTCOME, BUT THE DEVELOPMENT OF A MODEL GROUNDED IN THE OPERATIONAL REALITIES OF RESEARCH 

ENVIRONMENTS AND CAPABLE OF INFORMING FUTURE APPLICATIONS AND ADAPTATIONS IN SIMILAR CONTEXTS. THE FINDINGS SHOULD THEREFORE BE 

INTERPRETED WITHIN THEIR SPECIFIC ORGANISATIONAL AND INSTITUTIONAL CONTEXT. THE REMAINING PHASES WILL ADDRESS IMPLEMENTATION AND 

EVALUATION. BACKGROUND 

A. Conceptual Foundations 

The conceptual foundations of this study were established during phase 1 of the AR cycle (Fig. 1), which combined 
a broad review of OpEx literature with researcher embeddedness in the daily life of the RC. This stage aimed to 



 

13 

 

consolidate existing knowledge and identify constructs and operational dynamics relevant to the RC context. 
Through this process, an integrative analysis of eight widely referenced OpEx models, namely, Lean Thinking, Toyota 
Way, Shingo, Deming, MBNQA, EFQM, Agile, and DevOps, led to the consolidation of nine classes of OpEx principles: 
Respect for Each Individual, Teamwork, Continuous Improvement, Transformational Leadership, Process Knowledge, 
Higher Purpose, Pull Flow, Quality at the Source, and Customer-Oriented Value(Barros et al., 2025a; Barros et al., 2025b 
).In parallel, four constructs capturing key dimensions of operational performance in RC were identified: OpEx 
Principles, Critical Success Factors, Problematic Processes, and Employee Engagement. These constructs emerged 
through an iterative process combining literature insights with observations from the researcher’s embedded 
experience. Together, they provided the conceptual basis for the model and informed the design of the empirical 
instruments. 

B. Empirical Evidence 

Building on the conceptual foundation established in the first stage of the AR cycle, a multi-method diagnostic 
phase (phase 2, Fig. 1) was conducted to examine how the identified constructs manifest in the daily functioning of 
a public RC  Semi-structured interviews were carried out with current and former directors of excellent RC, capturing 
their perspectives on organisational challenges, leadership practices, and operational priorities. Complementing 
these qualitative insights, a structured questionnaire was administered to collaborators across scientific, technical, 
and administrative roles at the RC under study. Together, these methods capture both strategic and operational 
perspectives across the organisation. Engagement, as one of the key constructs, was measured using items from the 
Gallup Q12® framework. Findings from both data sources highlight the central importance of Respect for Each 
Individual, Continuous Improvement, Process Knowledge, and Teamwork in the pursuit of excellence in RC. These 
principles were widely recognized across different organizational roles. Process Knowledge, emerged in the interviews 
as a key enabler of operational efficiency, particularly in contexts involving complex, interdisciplinary collaboration. 
Other principles showed more uneven recognition; Higher Purpose, for instance, was less prominent in the 
questionnaire but emerged strongly in interviews with directors, particularly regarding societal relevance. In contrast, 
Pull Flow and Quality at the Source were poorly understood and less frequently applied, pointing to a need for 
contextual adaptation. This reflects broader challenges in translating industrial concepts into research environments. 
The remaining constructs further contextualized these insights. Participants highlighted the importance of 
complementing bibliometric indicators with alternative metrics such as technology transfer, patents, partnerships, and 
altmetrics. Administrative support processes were frequently cited as a source of inefficiency, particularly due to 
bureaucracy and fragmented workflows, often linked to broader institutional constraints. Finally, the Employee 
Engagement construct revealed strong alignment with the centre’s mission and high levels of commitment across 
teams. However, gaps in recognition and career development were identified. Overall, these findings inform the 
development of the OpEx model by identifying key areas requiring reinforcement and adaptation in RC. 

IV. MODEL DEVELOPMENT  

The conceptual foundations and empirical diagnosis presented clarified which elements of OpEx are already 
embedded in RC, which require adaptation, and which remain underdeveloped. Principles such as Respect for 
People, Teamwork, Continuous Improvement, and Process Knowledge, emerged as strongly aligned with daily 
practice, whereas others, including Higher Purpose, Pull Flow, and Quality at the Source, showed inconsistent 
understanding or limited applicability. Structural constraints, fragmented workflows, and leadership gaps further 
underscored the need for a model capable of translating OpEx principles into operational routines suited to research 
environments. Grounded in both literature and empirical fieldwork, the proposed model reflects the unique demands 
of scientific environments, namely, complex processes, interdisciplinary collaboration, and public accountability 
(Coccia, 2019a). The model integrates four key dimensions: OpEx principles, critical success factors, problematic 
processes, and employee engagement, which collectively served as the foundation for its structure. The model is 
composed of: (i) a visual framework, centred on two interconnected improvement cycles and supported by 
foundational principles classes; (ii) guiding principles, adapted to the RC context; and (iii) a set of implementation 
guidelines designed to translate these principles into concrete organisational practices. 

A. Visual Framework of the Model 

The proposed model is illustrated in Fig. 2. 
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Fig. 2. Operational Excellence Model for Research Centres Organization and Management. 

The model is structured around five main elements: a foundation, a central axis, two interconnected improvement 
cycles, two supporting pillars, and a guiding purpose at the top. At the base lies Respect for People, which emerged 
as a key driver of trust, engagement, and innovation across roles. In the RC context, this foundation also encompasses 
the way leadership is exercised, less through hierarchical authority and more through practices that enable 
participation, initiative, and collective alignment. This foundation supports the model’s central axis, Continuous 
Improvement, which links individual contributions to organisational goals and fuels iterative progress. 

The model incorporates a dual-cycle structure that mirrors the two interdependent dynamics of RC. The inner 
cycle, focused on problematic processes, operates at the tactical level, where continuous improvement drives 
change by addressing day-to-day obstacles, surfacing inefficiencies, resolving failures, and removing operational 
constraints such as bureaucracy, equipment failures, procurement delays, and workflow interruptions. In this cycle, 
the focus is on how to improve, identifying where breakdowns occur and correcting the errors that prevent success 
factors from being achieved. Surrounding it, the outer strategic cycle strengthens the success factors that support 
long-term scientific and organisational performance, such as leadership, collaboration, communication, and purpose 
alignment. Here, continuous improvement supports the development of practices that enable research performance, 
including the definition and monitoring of tailored indicators aligned with impact, quality, speed, and efficiency. These 
improvements help create the conditions for more effective research, as researchers perform better when not 
constrained by operational disruptions (Ryazanova and Jaskiene, 2022; Molinéro-Demilly et al., 2025). This 
configuration is deliberate: strategic development defines what needs to be in place to enable excellence, while 
tactical problem-solving ensures that daily operations do not undermine those conditions. 

At the centre of both cycles lies Continuous Improvement, which serves as the connecting axis between short-
term correction and long-term capability building. Positioned vertically, it anchors the model by translating 
operational learning into strategic insight and translating strategic intentions into daily practice. Although key 
performance and behaviour indicators (KPI and KBI) are not represented in the visual framework, they play a 
supporting role in the functioning of the model. As part of the Continuous Improvement axis, measurement routines 
provide feedback to both cycles, helping to monitor progress, detect recurring issues, and align daily actions with 
long-term objectives. These cycles are supported by two structural pillars: Process Knowledge and Agile Teamwork. 
Together, they provide the understanding and collaboration needed to support improvement. Process Knowledge 
provides the analytical depth required to understand complex workflows, and interdependencies in RC and Agile 
Teamwork ensure coordination and shared accountability across roles and disciplines. At the top of the continuous 
improvement axis sits the Higher Purpose, represented as the Positive Impact on Society. Beyond acting as a mission 
statement, it provides direction and meaning, aligning daily actions to the broader societal and scientific value of 
the RC. In this sense, value is not defined in relation to a single customer, but to the wider public sphere that publicly 
funded research ultimately serves. The overall circular structure emphasizes iteration and adaptability (Romme, 1996), 
reinforcing the model as an evolving strategic tool that balances behavioural enablers with technical practices 
(Carvalho et al., 2019). 

B. Principles and Implementation Guidelines 

The model is underpinned by seven guiding principles, derived from the integrative OpEx classes of principles 
(section III.A) and adapted based on empirical evidence inherent to the specific context of RC. These guiding 
principles operate simultaneously as conceptual anchors and practical drivers for improvement and cultural 
alignment. Each principle encompasses a set of values and practices, offering a balanced view between 
behavioural and technical domains.  
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Principle 1 – Promote a culture of dignity, inclusion, and individual initiative. 

In RC, promoting respect requires recalibration. In environments defined by advanced expertise and intellectual 
autonomy, respect is expressed through voice, initiative, and meaningful participation (Kallenberg, 2020). It involves 
recognising individuals as active contributors shaping the organisation, where intellectual recognition transcends 
hierarchy and values contributions across roles (Molinéro-Demilly et al., 2025). In such environment, encouraging 
initiative is not aspirational - it is fundamental for unlocking creativity and critical thinking. Human capital remains a 
stronger determinant of research performance. Conditions that enable focused work, transparent communication, 
and collaborative problem-solving reinforce dignity at work and strengthen engagement (Hines, 2022; Ryazanova 
and Jaskiene, 2022). Positioned at the base of the model as Respect for People, this principle forms the cultural 
foundation of both improvement cycles.  

Examples of practices for implementing this principle include: 
• Formalize inclusive decision-making structures: Include faculty, administrative, technical, research staff, and 

students in operational and improvement discussions. For example, establish cross-functional working groups 
and organise regular consultation sessions on process changes. 

• Recognize intellectual contributions beyond formal roles: Value contributions to process improvement and 
collaborative culture alongside scientific output. Promote internal award initiatives (e.g., humorous or symbolic 
peer-voted prizes) to recognise contributions to team efficiency, mentoring, or collaborative problem-solving. 

Principle 2 – Cultivate leadership that inspires, aligns, and enables long-term purpose. 

In RC, leadership must be transformative, not merely directive (Ryazanova and Jaskiene, 2022). Traditional 
hierarchical leadership styles may fail to engage highly skilled professionals who value meaning, independence, and 
shared purpose. Transformational leadership connects personal motivation to organisational vision, inspires by 
example, and builds trust through transparency (Hines et al., 2022). Leaders of RC are often elected researchers 
without formal training in management, leadership, or organisational development. While this ensures scientific 
legitimacy, it can limit the adoption of transformational leadership behaviours that are essential to enable collective 
progress (Saeed et al., 2020). Evidence shows that investing in leadership development enhances operational 
effectiveness and team cohesion (Antony et al., 2023; Saeed et al., 2020). Rather than being positioned as a 
hierarchical layer within the model, transformational leadership is treated as embedded in the cultural foundation of 
Respect for People. In this view, leadership becomes the way respect is enacted in everyday practice, through 
transparency, active listening, shared decision-making, and long-term orientation. It is through these behaviours that 
cultural values are translated into coordinated action and alignment with the centre’s mission. This view is consistent 
with perspectives that describe leadership as a relational and cultural process, rather than merely a structural function 
(Carvalho et al., 2017; Hines et al., 2022; Saeed et al., 2020)  

While leadership practices must be tailored to each institutional setting, the following are examples of actions that 
support this principle: 

• Formalise leadership development: Provide training in leadership, communication, and team management to 
directors, group leaders, and emerging leaders. 

• Align leadership behaviour with institutional values: Promote regular coordination meetings, encourage regular 
informal meetings between research leaders (e.g., lean coffee sessions) to talk through ongoing challenges and 
find collaborative ways forward, such as pooled equipment purchases or shared lab budgets.  

Principle 3 – Strengthening continuous improvement as the connecting axis of organizational progress. 

Continuous improvement represents the core of sustainable OpEx and must be embedded in the organizational 
culture, supported by leadership and employee involvement (Sony, 2019). In RC, this process often emerges informally 
and in a fragmented way (Coccia, 2019a), relying on individual initiative and tacit knowledge within teams 
(Ryazanova and Jaskiene, 2022) rather than structured routines. The challenge is not its absence, but rather its lack of 
structure and alignment with the centre’s strategic objectives. In the proposed model, continuous improvement plays 
a transversal role, acting as the central axis connecting the two improvement cycles (Fig. 1). The strategic cycle 
focuses on strengthening the conditions that support research excellence, while the operational cycle addresses day-
to-day inefficiencies such as rework and process failures.  

Making continuous improvement more visible and structured across the organisation is key to strengthening 
alignment and resilience (Bhasin and Found, 2020; Bradke et al., 2023). This requires methods and tools that translate 
the principle into concrete routines, supported by data, feedback cycles, and collective engagement.  

Examples of how this principle can be implemented in RC are: 
• Establish a cross-functional improvement team to define priorities, coordinate initiatives and communicate 

guidance to operational teams. 
• Apply structured OpEx tools (operational cycle). For example, use PDCA cycles, A3 reports, Gemba Walks, 

process maps or root cause analysis to identify and resolve inefficiencies. 
• Define and monitor performance indicators supporting long-term value creation (strategic cycle), such as lead 

times, response times, or internal satisfaction. 

Principle 4 – Embed societal impact as the higher purpose of research activity. 
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In RC, excellence cannot be reduced to scientific output alone. A shared and visible sense of purpose, focused 
on delivering positive impact to society, is essential to guide collective efforts. Although often implicit, this purpose is 
rarely made explicit in institutional strategies or daily routines. Embedding higher purpose requires integrating societal 
relevance into how research is evaluated. This aligns with international calls for reform, such as the Coalition for 
Advancing Research Assessment (CoARA) (CoARA, 2023), which urges research organisations to go beyond 
bibliometrics and recognise diverse forms of impact. Alternative indicators, such as altmetrics, policy contributions, 
and partnerships, provide a broader view of value creation (Coccia, 2004; Kassab et al., 2020). 

Positioned as the guiding purpose of the model, this principle links the cultural foundation of the RC to its broader 
societal mission. It provides direction to improvement efforts and clarifies why operational excellence matters in the 
first place. In this sense, the traditional OpEx notion of customer-oriented value is reframed as societal value creation. 
In publicly funded research, the “customer” is not a single actor but a broad set of stakeholders, including funders, 
scientific peers, industry partners, and society. 

Examples of practices for implementing this principle include: 
• Incorporate societal impact into recruitment and evaluation processes by including criteria such as contributions 

to policy, industry collaboration, technology transfer, or engagement with non-academic stakeholders. 
• Encourage the use of impact narratives in CVs. 
• Make the centre’s purpose visible by communicating the societal impact of research (e.g., websites, outreach 

events). 
• Use alternative metrics (e.g., policy citations, media uptake, engagement with non-academic audiences). 

Principle 5 – Foster agile teamwork to enable adaptability and shared problem-solving 

In RC, teamwork goes beyond collaboration within research groups; it represents a mechanism for adaptability, 
innovation, and resilience (Bradke et al., 2023; Coetzee et al., 2019). Teamwork has a positive effect on multiple 
performance dimensions, including employee attitudes, behaviour, operational efficiency, and financial outcomes, 
and its impact is amplified when combined with structural changes (Delarue et al., 2008). Agile frameworks reinforce 
this perspective by emphasising self-organised, cross-functional teams supported by continuous communication 
(Dingsøyr et al., 2012). This is particularly relevant in RC, where diverse roles, faculty, researchers, technicians, and 
administrative staff, must coordinate across disciplines. The value lies in the horizontal sharing of knowledge, where 
contributions from different roles accelerate problem identification and solution development (Coetzee et al., 2019). 
The organisational structure of RC, usually arranged into thematic research groups supported by transversal 
laboratories, reinforces this dynamic by enabling knowledge reuse and scaling across groups (Simonyte et al., 2022). 
Agile teamwork thus acts as a connector, enabling knowledge to flow across boundaries and supporting systemic 
growth. In the proposed model, agile teamwork is positioned as one of the two structural pillars, enabling coordination 
and supporting continuous improvement across organisational boundaries. 

Examples of how this principle can be implemented in RC are: 
• Establish cross-functional teams integrating scientific, technical, and administrative staff to manage key 

processes, with visible progress tracking (e.g., Kanban boards), aligned with the strategic improvement priorities 
defined at the organisational level. 

• Promote collaboration in transversal laboratories. Share methods and models across groups through joint 
experiments, open training, or catalogues of validated techniques. 

• Adopt agile routines: Use retrospectives and stand-up meetings in laboratories and offices to review progress 
(e.g., using burndown charts) and identify improvements. 

Principle 6 – Enhance process knowledge to sustain effective research operations 

Most OpEx reference models underline the importance of processes for achieving reliable results (Barros et al., 
2025). Good intentions or individual effort cannot compensate for poorly designed processes (Deming, 1986). In 
practice, this means organisations need clear and resilient processes to support effective work (Bhasin and Found, 
2020; Liker and Morgan, 2006). In RC, this principle is particularly relevant. RC activity depends on interconnected 
flows - scientific, management, administrative, and technical. When these flows are not aligned, inefficiencies 
emerge and research capacity is reduced. A process perspective goes beyond mapping tasks; it shows how 
resources are transformed into performance outcomes (Lee and Choi, 2003). Coccia's (2019) idea of an 
“organisational metabolism” reinforces this view: as in a biological system, if one part is blocked, the entire organism 
is affected. Similarly, value chain logic (Von Rosing et al., 2015; Zamora, 2016) highlights how weaknesses in support 
or management processes can compromise core research activities. 

Empirical evidence from RC highlights excessive bureaucracy, fragmented workflows, rework, and unclear 
responsibilities as recurring barriers to organisational performance. Strengthening this dimension therefore involves 
mapping processes, clarifying responsibilities and ensuring that knowledge is shared rather than kept in silos. It also 
means recognising that support processes, often invisible until they fail, are as critical as core research tasks in enabling 
scientific output. 

Within the model, process knowledge is placed as one of the two structural pillars, alongside agile teamwork. While 
teamwork provides adaptability, process knowledge offers stability and clarity. Together, sustain the link between 
daily operations and the broader societal purpose of research. 

Examples of how this principle can be implemented in RC are: 
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• Map and make processes visible. Use mapping tools such as Business Process Model and Notation (BPMN), Value 
Stream Design in Indirect Areas (VSDia) or other. 

• Implement standard work and simplify as much as possible. Create standard operation procedures to reduce 
misunderstandings and rework. 

• Define responsibilities across process stages to avoid duplication and gaps. Create a competencies matrix.  
• Review standards periodically to ensure relevance and compliance.  

Principle 7 – Embed quality at the source to reduce rework and build reliability 

In OpEx models, Quality at the Source represents the idea of “doing it right the first time”, preventing errors from 
propagating through the system and avoiding costly late-stage correction (Deming, 1986). This principle highlights the 
need to embed quality upstream rather than relying on inspections or corrective actions. In RC, rework is a recurring 
issue, often linked to a lack of standardisation, informal practices, or reactive responses to problems (Hildebrandt et 
al., 2022). In RC, this implies designing and executing processes in ways that prevent errors at their origin, ensuring that 
outputs, whether experimental data, administrative procedures, or research deliverables, are correct from the outset. 
Embedding quality upstream builds trust in results and reduces waste of time and resources. It also strengthens 
institutional credibility. 

Examples of how this principle can be implemented in RC are: 
• Standardise core procedures. Use Standard Operating Procedures (SOP) for recurring activities (e.g., laboratory 

protocols, procurement steps, onboarding). 
• Introduce error-proofing mechanisms (poka-yoke): Apply simple controls such as mandatory fields in digital 

forms, pre-experiment checklists. For example, double-checking the correct labelling of samples before freezing. 
• Validate inputs before processing: Verify data, documentation, and materials at the beginning of processes to 

avoid downstream corrections. For example, in laboratory work, this includes checking that all reagents, 
materials, and equipment are available and functional before starting an experiment, as missing items or 
equipment failures may involve bureaucratic and time-consuming procedures. 

• Foster a “stop and fix” culture. Encourage teams to pause workflows to resolve issues immediately, using simple 
tools such as the 5 Whys.  

V. DISCUSSION 

This study addresses an important gap: while OpEx models are well established in industrial and service settings, no 
integrative model has been developed for RC. These organisations combine knowledge-intensive work, complex 
governance structures, and public accountability, making direct transfers from industry inadequate. The proposed 
model integrates guiding principles, structural pillars, and a dual-cycle improvement logic oriented towards societal 
impact (Fig. 2). 

The foundations of most influential OpEx models, such as respect for people, continuous improvement, and 
leadership (Barros et al., 2025; Din et al., 2021; Dinis-Carvalho and Macedo, 2021; Found et al., 2018; Sony, 2019; Talwar, 
2011) are present in the proposed RC model, confirming their relevance beyond industrial and service settings. 
However, RC operate under very different conditions: project cycles are often unpredictable, stakeholders are diffuse, 
bureaucracy is layered, and scientific, technical, and administrative activities are tightly interconnected. Empirical 
evidence from the diagnostic phase highlights operational constraints, including procurement delays and contract 
approvals, that reduce research capacity. Reflecting this context, OpEx principles were not incorporated uniformly in 
the RC model. Some required minor adjustments, while others demanded reinterpretation due to the specific 
conditions of RC. Respect for People and Transformational Leadership, reflected in the first and second guiding 
principles of the model, are closely interconnected. RC are composed of highly qualified professionals whose 
autonomy and expertise shape how coordination occurs in practice. The challenge is less about empowerment, as 
often discussed in industrial settings, and more about balancing individual autonomy with organisational 
coordination. Leadership roles are typically assumed by researchers whose authority derives from scientific merit 
rather than formal preparation in management. This reinforces academic legitimacy but can limit the adoption of 
structured leadership practices. In practice, this context highlights the need for mechanisms that support coordination 
and collective decision-making beyond hierarchical structures. 

Continuous Improvement, reflected in the third guiding principle, plays a central role in the RC model. In RC, 
improvement activities are often present but are typically fragmented and informal, driven by necessity rather than 
structured routines. The model addresses this by positioning continuous improvement as the central axis through which 
OpEx principles become embedded at both tactical and strategic levels of RC organisation. This axis connects two 
interlinked cycles: a strategic cycle that consolidates the success factors sustaining research excellence, and an 
operational cycle that tackles systemic frictions. The direction of these improvement efforts is captured in principle 
four, which frames positive societal impact as the higher purpose guiding the model. In publicly funded research 
organisations, value creation is ultimately directed towards society, reflecting the public mandate of research and 
accountability to society (Bornmann, 2012; CoARA, 2023; Coccia, 2019a, 2008) rather than market value capture. To 
operationalise this improvement logic, the model is sustained by two structural pillars: Process Knowledge and Agile 
Teamwork. Teamwork, reflected in the fifth guiding principle, represents a key adaptation. It is elevated to the level 
of a structural pillar, reflecting its role in enabling coordination and addressing operational challenges. This 
interpretation resonates with Coetzee, van Dyk and van der Merwe (2019), who describe teamwork as a concrete 
expression of the Toyota “Respect for People” principle, fostering trust, knowledge sharing, and shared accountability. 
Likewise, Delarue et al. (2008) provide robust evidence that teamwork has a positive impact across attitudinal, 
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behavioural, operational, and financial outcomes. Agile frameworks further reinforce this perspective by emphasising 
self-organising and cross-functional teams supported by continuous communication (Dingsøyr et al., 2012; Moe et al., 
2010). This is particularly relevant in RC, where transversal laboratories and multifunctional teams connect different 
disciplines and roles. In this context, teamwork acts as a mechanism for coordination and organisational resilience. 
Process knowledge, reflected in the sixth guiding principle, represents the second structural pillar of the model. It 
complements teamwork by providing visibility over the complex set of processes that sustain research activity. 
Empirical findings from the diagnostic phase highlight recurring issues such as bureaucratic delays, fragmented 
workflows, and unclear responsibilities. Strengthening process knowledge supports more coordinated and reliable 
operations. 

The class Quality at the Source was retained but reframed for RC through the seventh guiding principle. In most 
referenced models, this principle is largely assumed (Barros et al., 2025), framed by Deming (1986) as “doing it right 
the first time”, by Shingo (1986) as immediate defect detection through error-proofing mechanisms, and by Liker and 
Morgan (2006) as ensuring quality from the earliest stages of development. In RC, however, this logic does not manifest 
in the same way. Unlike production lines or software development, where defects are typically visible and contained, 
research tasks are less repetitive and often fragmented. Moreover, RC operate within institutional environments 
characterised by layered governance structures and strong bureaucratic procedures. Responsibilities tend to be 
diffuse, and these structures can delay or complicate error detection (Bradke et al., 2023; Coccia, 2019a). Coccia 
(2009) further argues that bureaucratization in public research settings undermines efficiency and performance. 
Under these conditions, mistakes in administrative procedures, procurement processes, or experimental planning may 
remain unnoticed for extended periods, generating rework and delays. Empirical findings from the diagnostic phase 
reflect similar patterns, highlighting the importance of “first-time quality” and proactive planning, while also pointing 
to rework, missing inputs, and administrative returns. These findings align with Hildebrandt et al. (2022), who show how 
such errors can cascade into costly delays. In such environments, quality cannot be taken for granted. This is why the 
RC model makes Quality at the Source explicit as a guiding principle rather than an implicit assumption.  

Research activities are typically organised around projects, funding cycles, and exploratory processes that are 
difficult to synchronise through demand-driven flow mechanisms. For this reason, the integrative class Pull Flow (section 
III.A), was not embedded in the model, as pull logic does not align with these dynamics. The integrative class 
Customer-oriented value also did not translate into a distinct guiding principle. Instead, its underlying logic was 
reframed through the emphasis on societal impact, as defined in the fourth guiding principle. In RC, value creation is 
directed toward society as the ultimate beneficiary of research activity. In this context, the notion of “customer” 
remains ambiguous, extending beyond transactional stakeholders to include funders, scientific peers, industry 
partners, and society. This reflects the need for further conceptual clarification before these ideas can be 
operationalised in RC. This approach avoids forcing unsuitable concepts and keeps the model closer to the 
operational reality of RC. 

To position the proposed model within the OpEx field, it can be related to three main streams: TPS-based models 
(Toyota Way, Shingo, Lean), TQM-based models (Deming, EFQM, MBNQA), and software-based models (Agile, 
DevOps). Table I summarises how the proposed RC model relates to these streams while introducing specific 
adaptations for research organisations. The model places strong emphasis on the operationalisation of excellence 
principles through practical guidelines that support their implementation in everyday organisational practices. This is 
particularly relevant for RC operating within larger institutional structures, where limited managerial autonomy can 
constrain organisational change. In such contexts, the model aims not only to identify what should be improved, but 
also to provide guidance on how excellence principles can be translated into actionable practices. 

TABLE I. POSITIONING OF THE PROPOSED OPEX MODEL FOR RC IN RELATION TO MAJOR OPEX STREAMS 

 

This emphasis on operationalisation is particularly important in research environments, where excellence cannot 
be achieved solely through the availability of resources or scientific recognition. In RC, efficiency cannot be attained 
through large grants or awards. It also depends on how effectively resources are mobilised and transformed into 
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knowledge with societal impact. Agostino et al. (2012) argue that RC should be assessed not only by scientific outputs, 
but also by their capacity to use resources efficiently and respond to multiple stakeholders. Coccia (2008) reinforces 
the point, showing that measuring performance requires considering both inputs and outputs to drive strategic 
change. By contrast, Roshani et al. (2021) show that funded research often achieves higher citation impact, yet this 
does not necessarily translate into broader societal value and may reinforce cumulative advantage effects. Taken 
together, these perspectives suggest that sustainable excellence in RC rests on more than recognition, funding, or 
output metrics; it depends on how operational practices convert resources into knowledge that generates societal 
value. Overall, the model advances OpEx in RC, placing the emphasis on implementing its principles in complex, 
knowledge-intensive environments through concrete, practical guidance, rather than focusing solely on the 
conceptual adaptation/adoption of those principles. 

VI. CONCLUSION 

This study addressed the limited applicability of existing OpEx models to RC, proposing a model adapted to the 
specific characteristics of these organisations. Unlike industrial and service settings, RC operate under conditions of 
project unpredictability, diffuse responsibilities, and public accountability, requiring the reinterpretation rather than 
direct transfer of OpEx principles.  

 The findings show that while some principles can be readily adapted to the RC context, others require 
reinterpretation. This reinforces the need to contextualise OpEx concepts when applied to knowledge-intensive and 
publicly funded environments. These observations highlight the broader contribution of the proposed model. It 
extends OpEx into the RC context, an area that remains largely unexplored, and shifts the focus from principles’ 
adoption to their operational translation through structured improvement cycles and practical implementation 
guidelines.  

From a practical perspective, the model provides guidance for RC leaders and staff by highlighting priorities such 
as teamwork, process clarity, and the reduction of rework, while linking operational practices to the broader societal 
mission of research. In this sense, the model emphasises that the efficiency of everyday organisational practices 
shapes the conditions under which research centres generate knowledge and deliver impact. More efficient use of 
resources and better-coordinated processes create the conditions for research activities to be carried out more 
effectively, aligning daily operations with the broader purpose of producing positive societal outcomes.  

The model is empirically grounded, having been developed through an AR approach combining literature review, 
interviews, and a questionnaire applied in a Portuguese RC. While the empirical phase focused on a single case study, 
this reflects the original objective of analysing that specific organisational context in depth, with the resulting model 
expected to be transferable to other RC with similar characteristics.  

Future work will focus on the implementation and evaluation phases of the AR cycle (phases 4 and 5, Fig. 1), where 
the model will be tested and refined through practical application. Broader validation across different RC and 
contexts will be essential to assess its transferability, as well as to further explore less developed principles, namely Pull 
Flow and Customer-Oriented Value.  

Overall, the proposed model offers a structured yet flexible framework for supporting OpEx in RC, contributing to 
both academic knowledge and practical improvement. 

ACKNOWLEDGMENT 

This work has been supported by FCT – Fundação para a Ciência e Tecnologia within the R&D Unit Project Scope 
UID/00319/2025 - Centro ALGORITMI (ALGORITMI/UM) https://doi.org/10.54499/UID/00319/2025. 

REFERENCES 

Agostino, D., Arena, M., Azzone, G., Dal, M. and Masella, C. (2012), “Developing a performance measurement system for public 
research centres”, International Journal of Business Science and Applied Management, Vol. 7 No.1, pp. 43–60. 

Åhlström, P. et al., (2021), “Is lean a theory? Viewpoints and outlook”, International Journal of Operations and Production 
Management, Vol. 41No.12, pp. 1852–1878. Available at: https://doi.org/10.1108/IJOPM-06-2021-0408. 

Antony, J. et al., (2023), “Critical success factors for operational excellence initiatives in manufacturing: a meta-analysis”, Total 
Quality Management and Business Excellence, Vol. 34 Nos 9–10, pp. 1152–1172. Available at: 
https://doi.org/10.1080/14783363.2022.2157714. 

Antony, J., Rodgers, B. and Cudney, E. (2017), “Lean Six Sigma for public sector organizations: is it a myth or reality?”, International 
Journal of Quality and Reliability Management, Vol. 34 No. 9, pp. 1402–1411. Available at: https://doi.org/10.1108/IJQRM-08-
2016-0127. 

Barros, A., Sousa, R.M. and Dinis-Carvalho, J. (2025a), “A Study on the Adoption of Operational Excellence Principles in the 
Organization and Management of University Research Centres”, in O. McDermott et al. (eds). Galway: Springer Nature 
Switzerland, pp. 82–94. Available at: https://doi.org/http://dx.doi.org/10.1007/978-3-031-84816-2_7. 

Barros, A., Sousa, R.M. and Dinis-Carvalho, J. (2025b), “Towards Structured Integration of Operational Excellence Principles: A Cross 
Model Analysis”, unpublished. 

Bhasin, S. and Found, P. (2020), “Sustaining the lean ideology”, Management Decision, Vol. 59 No. 3, pp. 568–585. Available at: 
https://doi.org/10.1108/MD-09-2019-1254. 

Bornmann, L. (2012), “Measuring the societal impact of research. Research is less and less assessed on scientific impact alone-we 
should aim to quantify the increasingly important contributions of science to society”, EMBO Reports, Vol. 13 No. 8, pp. 673–
676. Available at: https://doi.org/10.1038/embor.2012.99. 

https://doi.org/10.1108/IJOPM-06-2021-0408
https://doi.org/10.1080/14783363.2022.2157714
https://doi.org/10.1108/IJQRM-08-2016-0127
https://doi.org/10.1108/IJQRM-08-2016-0127
https://doi.org/http:/dx.doi.org/10.1007/978-3-031-84816-2_7
https://doi.org/10.1108/MD-09-2019-1254
https://doi.org/10.1038/embor.2012.99


 

20 

 

Bradke, F., Maartens, A. and Teichmann, S.A. (2023), “Key attributes of successful research institutes”, PLoS Biology, Vol. 21 No. 9, 
pp. 1–15. Available at: https://doi.org/10.1371/journal.pbio.3002267. 

Caiado, R.G.G., Carocha, D.M., Goulart, A.K. and Tortorella, G.L. (2020), “Critical success factors-based taxonomy for Lean Public 
Management: a systematic review”, Production, Vol. 30, pp. 1–15. Available at: https://doi.org/10.1590/0103-6513.20200030 

Carvalho, A.M., Sampaio, P., Rebentisch, E. and Saraiva, P. (2017), “Operational excellence as a means to achieve an enduring 
capacity to change – revision and evolution of a conceptual model”, Procedia Manufacturing, Vol. 13, pp. 1328–1335. 
Available at: https://doi.org/10.1016/j.promfg.2017.09.109. 

Carvalho, A.M., Sampaio, P., Rebentisch, E. and Saraiva, P. (2019), “Operational excellence, organisational culture and agility: the 
missing link?”, Total Quality Management and Business Excellence, Vol. 30 Nos. 13–14, pp. 1495–1514. Available at: 
https://doi.org/10.1080/14783363.2017.1374833. 

Carvalho, J.D. (2021), Melhoria Contínua nas Organizações, Lidel, Lisboa. 
CoARA (2023), “Coalition for Advancing Research Assessment (CoARA)”. Available at: https://coara.eu/. 

Coccia, M. (2004), “New models for measuring the R&D performance and identifying the productivity of public research institutes”, 
R and D Management, Vol. 34 No. 3, pp. 267–280. Available at: https://doi.org/10.1111/j.1467-9310.2004.00338.x. 

Coccia, M. (2008), “Measuring scientific performance of public research units for strategic change”, Journal of Informetrics, Vol. 2 
No. 3, pp. 183–194. Available at: https://doi.org/10.1016/j.joi.2008.04.001. 

Coccia, M. (2009), “Research performance and bureaucracy within public research labs”, Scientometrics, Vol. 79 No. 1, pp. 93–
107. Available at: https://doi.org/10.1007/s11192-009-0406-2. 

Coccia, M. (2019a), “Metabolism of Public Research Organizations: How Do Laboratories Consume State Subsidies?”, Public 
Organization Review, Vol. 19 No. 4, pp. 473–491. Available at: https://doi.org/10.1007/s11115-018-0421-y. 

Coccia, M. (2019b), “Why do nations produce science advances and new technology?”, Technology in Society, Vol. 59(March), 
p. 101124. Available at: https://doi.org/10.1016/j.techsoc.2019.03.007. 

Coetzee, R., van Dyk, L. and van der Merwe, K.R. (2019), “Towards addressing respect for people during lean implementation”, 
International Journal of Lean Six Sigma, Vol. 10 No. 3, pp. 830–854. Available at: https://doi.org/10.1108/IJLSS-07-2017-0081. 

Coughlan, P. and Coghlan, D. (2002), “Action research for operations management”, International Journal of Operations and 
Production Management, Vol. 22 No. 2, pp. 220–240. Available at: https://doi.org/10.1108/01443570210417515. 

Delarue, A., Van, G.H., Procter, S. and Burridge, M. (2008), “Teamworking and organizational performance: A review of survey-
based research”, International Journal of Management Reviews, Vol. 10 No. 2, pp. 127–148. Available at: 
https://doi.org/10.1111/j.1468-2370.2007.00227.x. 

Deming, W.E. (1986), Out of the Crisis. Cambridge, MA: MIT Press. 
Din, M., Asif, M., Awan, U. and Thomas, G. (2021), “What makes excellence models excellent: a comparison of the American, 

European and Japanese models”, TQM Journal, Vol. 33 No. 6, pp. 1143–1162. Available at: https://doi.org/10.1108/TQM-06-
2020-0124. 

Dingsøyr, T., Nerur, S., Balijepally, V. and Moe, N.B. (2012), “A decade of agile methodologies: Towards explaining agile software 
development”, Journal of Systems and Software, Vol. 85 No. 6, pp. 1213–1221. Available at: 
https://doi.org/10.1016/j.jss.2012.02.033. 

Dinis-Carvalho, J. and Macedo, H. (2021), “Toyota Inspired Excellence Models”, IFIP Advances in Information and Communication 
Technology, Vol. 610, pp. 235–246. Available at: https://doi.org/10.1007/978-3-030-92934-3_24. 

FCT - Fundação para a Ciência e a Tecnologia (2025). Available at: https://www.fct.pt/sobre/documentos-de-gestao/ 
(Accessed: 26 January 2025). 

Found, P., Griffiths, G., Harrison, R. and McDermott, O. (2018), “Towards a theory of operational excellence”, Total Quality 
Management and Business Excellence, Vol. 29 Nos. 9–10, pp. 1012–1024. Available at: 
https://doi.org/10.1080/14783363.2018.1486544. 

Hildebrandt, M.G. et al., (2022), “How to increase value and reduce waste in research: initial experiences of applying Lean thinking 
and visual management in research leadership”, BMJ Open, Vol. 12 No. 6, pp. 1–8. Available at: 
https://doi.org/10.1136/bmjopen-2021-058179. 

Hines, P. et al. (2022), “Turning the lean world upside down”, International Journal of Lean Six Sigma, Vol. 13 No. 5, pp. 989–1024. 
Available at: https://doi.org/10.1108/IJLSS-09-2021-0166. 

Jengwa, E. and Pellissier, R. (2022), “An operational excellence strategy implementation model for growth in a volatile, uncertain, 
complex, and ambiguous environment”, Acta Commercii, Vol. 22 No. 1, pp. 1–11. Available at: 
https://doi.org/10.4102/ac.v22i1.960. 

Kallenberg, T. (2020), “Differences in influence: different types of university employees compared”, Tertiary Education and 
Management, Vol. 26 No. 4, pp. 363–380. Available at: https://doi.org/10.1007/s11233-020-09058-w. 

Kassab, O., Bornmann, L. and Haunschild, R. (2020), “Can altmetrics reflect societal impact considerations?: Exploring the potential 
of altmetrics in the context of a sustainability science research center”, Quantitative Science Studies, Vol. 1 No. 2, pp. 792–
809. Available at: https://doi.org/10.1162/qss_a_00032. 

Lee, H. and Choi, B. (2003), “Knowledge management enablers, processes, and organizational performance: An integrative view 
and empirical examination”, Journal of Management Information Systems, Vol. 20 No. 1, pp. 179–228. Available at: 
https://doi.org/10.1080/07421222.2003.11045756. 

Liker, J.K. and Morgan, J.M. (2006), “The toyota way in services: The case of lean product development”, Academy of 
Management Perspectives, Vol. 20 No. 2, pp. 5–20. Available at: https://doi.org/10.5465/AMP.2006.20591002. 

Lukrafka, T.O., Silva, D.S. and Echeveste, M. (2020), “A geographic picture of Lean adoption in the public sector: Cases, 
approaches, and a refreshed agenda”, European Management Journal, Vol. 38 No. 3, pp. 506–517. Available at: 
https://doi.org/10.1016/j.emj.2020.02.004. 

Mengist, W., Soromessa, T. and Legese, G. (2020), “Method for conducting systematic literature review and meta-analysis for 
environmental science research”, MethodsX, Vol. 7, p. 11. Available at: https://doi.org/10.1016/j.mex.2019.100777. 

Moe, N.B., Dingsøyr, T. and Dybå, T. (2010), “A teamwork model for understanding an agile team: A case study of a Scrum 
project”, Information and Software Technology, Vol. 52 No. 5, pp. 480–491. Available at: 
https://doi.org/10.1016/j.infsof.2009.11.004. 

https://doi.org/10.1371/journal.pbio.3002267
https://doi.org/10.1590/0103-6513.20200030
https://doi.org/10.1016/j.promfg.2017.09.109
https://doi.org/10.1080/14783363.2017.1374833
https://coara.eu/
https://doi.org/10.1111/j.1467-9310.2004.00338.x
https://doi.org/10.1016/j.joi.2008.04.001
https://doi.org/10.1007/s11192-009-0406-2
https://doi.org/10.1007/s11115-018-0421-y
https://doi.org/10.1016/j.techsoc.2019.03.007
https://doi.org/10.1108/IJLSS-07-2017-0081
https://doi.org/10.1108/01443570210417515
https://doi.org/10.1111/j.1468-2370.2007.00227.x
https://doi.org/10.1108/TQM-06-2020-0124
https://doi.org/10.1108/TQM-06-2020-0124
https://doi.org/10.1016/j.jss.2012.02.033
https://doi.org/10.1007/978-3-030-92934-3_24
https://doi.org/10.1080/14783363.2018.1486544
https://doi.org/10.1136/bmjopen-2021-058179
https://doi.org/10.1108/IJLSS-09-2021-0166
https://doi.org/10.4102/ac.v22i1.960
https://doi.org/10.1007/s11233-020-09058-w
https://doi.org/10.1162/qss_a_00032
https://doi.org/10.1080/07421222.2003.11045756
https://doi.org/10.5465/AMP.2006.20591002
https://doi.org/10.1016/j.emj.2020.02.004
https://doi.org/10.1016/j.mex.2019.100777
https://doi.org/10.1016/j.infsof.2009.11.004


 

21 

 

Moher, D., Liberati, A., Tetzlaff, J. and Altman, D.G. (2010), “Preferred reporting items for systematic reviews and meta-analyses: the 
PRISMA statement”, International Journal of Surgery, Vol. 8 No. 5, pp. 336–341. Available at: 
https://doi.org/10.1016/j.ijsu.2010.02.007. 

Molinéro-Demilly, V. et al. (2025), “Effects of quality management on well-being at work and performance in a research 
laboratory: an exploratory study”, International Journal of Quality and Reliability Management, Vol. 42 No. 5, pp. 1317–1333. 
Available at: https://doi.org/10.1108/IJQRM-12-2023-0379. 

Narayanamurthy, G., Gurumurthy, A. and Chockalingam, R. (2017), “Applying lean thinking in an educational institute – an action 
research”, International Journal of Productivity and Performance Management, Vol. 66 No. 5, pp. 598–629. Available at: 
https://doi.org/10.1108/IJPPM-07-2016-0144. 

Pekkanen, P. and Pirttilä, T. (2022), “Output measurement in professional public organizations: insights from European justice 
systems”, International Journal of Productivity and Performance Management, Vol. 73 No. 11, pp. 1–19. Available at: 
https://doi.org/10.1108/IJPPM-05-2021-0279. 

Radnor, Z. and Walley, P. (2008), “Learning to walk before we try to run: adapting lean for the public sector”, Public Money and 
Management, Vol. 28 No. 1, pp. 13–20. Available at: https://doi.org/10.1111/j.1467-9302.2008.00613.x. 

Rahmati, M.H. and Jalilvand, M.R. (2024a), “An optimal organizational excellence model for the public sector", International 
Journal of Quality and Reliability Management, Vol. 41 No. 3, pp. 944–963. Available at: https://doi.org/10.1108/IJQRM-03-
2023-0098. 

Rodgers, B. and Antony, J. (2019), “Lean and Six Sigma practices in the public sector: a review”, International Journal of Quality 
and Reliability Management, Vol. 36 No. 3, pp. 437–455. Available at: https://doi.org/10.1108/IJQRM-02-2018-0057. 

Romme, G. (1996), “Making organizational learning work: Consent and double linking between circles”, European Management 
Journal, Vol. 14 No. 1, pp. 69–75. Available at: https://doi.org/10.1016/0263-2373(95)00048-8. 

Roshani, S., Bagherylooieh, Mohammad‑Reza, Mosleh, M. and Coccia, M. (2021), “What is the relationship between research 
funding and citation-based performance? A comparative analysis between critical disciplines”, Scientometrics, Vol. 126 No. 
9, pp. 7859–7874. Available at: https://doi.org/10.1007/s11192-021-04077-9. 

Von Rosing, M. et al. (2015), “Phase 3: Process concept evolution, The Complete Business Process Handbook: Body of Knowledge 
from Process Modeling to BPM” Elsevier Inc. Available at: https://doi.org/10.1016/B978-0-12-799959-3.00003-3. 

Ryazanova, O. and Jaskiene, J. (2022), “Managing individual research productivity in academic organizations: A review of the 
evidence and a path forward”, Research Policy, Vol. 51 No. 2, p. 104448. Available at: 
https://doi.org/10.1016/j.respol.2021.104448. 

Saeed, B.,  Tasmin R., Ayyaz M. and Aamer H. (2020), “Exploring the impact of transformational leadership and human resource 
practices on operational excellence mediated by knowledge sharing: A conceptual framework”, International Journal of 
Scientific and Technology Research, Vol. 9 No. 2, pp. 4458–4468. 

Shamsuzzaman, M. et al. (2023), “Improving the admission process in a higher education institute using lean six sigma: a case 
study", International Journal of Lean Six Sigma, Vol. 14 No. 2, pp. 525–554. Available at: https://doi.org/10.1108/IJLSS-05-2021-
0098. 

Shingo, S. (1986), “Zero Quality Control”, Cambridge, Massachusetts: Productivity Press. 
Simonyte, S., Adomaitiene, R. and Ruzele, D. (2022), “Experience of lean application in higher education institutions”, International 

Journal of Lean Six Sigma, Vol. 13 No. 2, pp. 408–427. Available at: https://doi.org/10.1108/IJLSS-11-2020-0208. 
Sony, M. (2019), “Implementing sustainable operational excellence in organizations: an integrative viewpoint”, Production and 

Manufacturing Research, Vol. 7 No. 1, pp. 67–87. Available at: https://doi.org/10.1080/21693277.2019.1581674. 
Talwar, B. (2011), “Business excellence models and the path ahead”, TQM Journal, Vol. 23 No. 1, pp. 21–35. Available at: 

https://doi.org/10.1108/17542731111097461. 
Zamora, E.A. (2016), “Value Chain Analysis: A Brief Review”, Asian Journal of Innovation and Policy, Vol. 5 No. 2, pp. 116–128. 

Available at: https://doi.org/10.7545/ajip.2016.5.2.116. 
 

 

https://doi.org/10.1016/j.ijsu.2010.02.007
https://doi.org/10.1108/IJQRM-12-2023-0379
https://doi.org/10.1108/IJPPM-07-2016-0144
https://doi.org/10.1108/IJPPM-05-2021-0279
https://doi.org/10.1111/j.1467-9302.2008.00613.x
https://doi.org/10.1108/IJQRM-03-2023-0098
https://doi.org/10.1108/IJQRM-03-2023-0098
https://doi.org/10.1108/IJQRM-02-2018-0057
https://doi.org/10.1016/0263-2373(95)00048-8
https://doi.org/10.1007/s11192-021-04077-9
https://doi.org/10.1016/B978-0-12-799959-3.00003-3
https://doi.org/10.1016/j.respol.2021.104448
https://doi.org/10.1108/IJLSS-05-2021-0098
https://doi.org/10.1108/IJLSS-05-2021-0098
https://doi.org/10.1108/IJLSS-11-2020-0208
https://doi.org/10.1080/21693277.2019.1581674
https://doi.org/10.1108/17542731111097461
https://doi.org/10.7545/ajip.2016.5.2.116


 

22 
 

 

7th International Conference on Quality Engineering and Management 
2-3 July 2026, Universidade NOVA de Lisboa, Lisbon, Portugal 

Towards Zero Defect and Zero Waste Food Systems: Extending ZDM to 
Controlled Environment Agriculture 

Victor Azamfirei Ionita1, 2, 3 and Foivos Psarommatis4, 5 

1 DEMI, Department of Mechanical and Industrial Engineering, NOVA School of Science and Technology, FCT NOVA, Universidade 
NOVA de Lisboa, 2829-516 Caparica, Portugal; v.ionita@fct.unl.pt  

2 UNIDEMI, Research and Development unit for Mechanical and Industrial Engineering, FCT NOVA, Universidade NOVA de Lisboa, 
2829-516 Caparica, Portugal 

3 Laboratório Associado de Sistemas Inteligentes, LASI, 4800-058 Guimarães, Portugal 
4 University of Oslo, SIRIUS, Centre for Scalable Data Access, Gaustadalleen 23B, 0373, Oslo, Norway 
5 Zerofect GmbH, Albisblick 49, Baar, Switzerland 
 

Abstract: This paper extends the Zero-Defect Manufacturing (ZDM) paradigm to Controlled Environment Agriculture (CEA), introducing 
the concepts of Zero-Defect Crops and Zero-Waste CEA. A qualitative theory-building approach based on the Gioia methodology is 
employed, supported by a Systematic Literature Mapping (SLM) of CEA and smart agriculture studies. The analysis identifies key first order 
concepts and second order themes, structured under the ZDM dimensions of Detect, Predict, Prevent, and Repair. The study develops a 
structured conceptual framework that maps CEA capabilities onto the four ZDM dimensions of Detect, Predict, Prevent, and Repair, and 
uses this structure to define the constructs of Zero-Defect Crops and Zero-Waste CEA. The findings suggest that CEA can be interpreted as a 
cyber-physical biological production system in which crop quality assurance and resource efficiency are jointly governed through closed-
loop sensing, prediction, and adaptive control. As a conceptual study grounded in literature, the framework now requires empirical 
validation across crops, facility types, and operational settings. 

Keywords: Zero-Defect Manufacturing (ZDM), Controlled Environment Agriculture (CEA), Zero Waste, Smart Agriculture, Cyber-Physical 
Systems 

I. INTRODUCTION 
In recent decades, the global food system has been confronted with a set of converging pressures that challenge the 

assumptions underlying conventional agricultural production. Rising world population, accelerating climate variability, land 
degradation, and the spatial concentration of demand in rapidly urbanising regions have combined to expose the structural 
fragility of food supply chains reliant on open-field cultivation and seasonally constrained growing cycles. Controlled 
Environment Agriculture (CEA) has emerged as a technological response to these pressures, enabling the year-round, location-
independent production of crops within enclosed, instrumentally managed systems, including vertical farms, plant factories, 
and smart greenhouses. By decoupling production from climatic and geographic constraints, CEA systems offer a pathway to 
food supply resilience that is particularly significant in the context of climate adaptation. Leiding et al. (2026) frame CEA as a 
central component of future resilient food production, while Dutta et al. (2025) position soilless precision farming as a strategic 
opportunity for global food security. The convergence of affordable sensor hardware, cloud computing, and machine learning 
has further accelerated CEA adoption, enabling levels of environmental control and crop monitoring that were impractical at 
commercial scale only a decade ago. 

However, despite these technological advances, CEA systems continue to exhibit persistent inefficiencies that limit both 
their economic viability and their environmental credentials. Energy consumption remains one of the most critical constraints: 
artificial lighting, climate regulation, and fertigation systems collectively account for a substantial fraction of operating costs, 
and their sub-optimal management generates avoidable resource losses across the production cycle. Wang et al. (2025) 
demonstrate that even lighting system design, typically treated as a capital rather than operational concern, has measurable 
implications for energy efficiency in plant factories. while Hadj Abdelkader et al. (2023) show that IoT-based automated light 
control architectures can substantially reduce energy expenditure in indoor farms while maintaining optimal growth conditions, 
with scalable results confirmed across large-scale production configurations. Nutrient and water management present 
analogous challenges: Patel et al. (2024) show that conventional fertigation schedules routinely result in nutrient wastage in 
hydroponic systems, while Costantino et al. (2021) document the energy performance penalties associated with poorly 
controlled greenhouse climate systems. Beyond resource flows, crop quality variability represents a further unresolved 
inefficiency: the same biological stochasticity that makes living production systems adaptive also makes them prone to yield 
inconsistency, morphological deviation, and unpredictable harvest timing. These losses are not merely operational 
inconveniences; at scale, they undermine the economic case for CEA investment and erode its sustainability credentials. The 
paradox of CEA is therefore that the very precision it promises has not yet been systematically converted into guaranteed 
outcomes. 

Zero-Defect Manufacturing (ZDM) offers a conceptual framework for resolving this paradox. Originating in industrial quality 
engineering and formalised as a comprehensive production paradigm by Psarommatis et al. (2020), ZDM organises quality 
assurance around four operational dimensions, i.e., Detect, Predict, Prevent, and Repair, structured to enable production 
systems to identify deviations, anticipate failures, preclude their occurrence, and recover from disruptions when prevention is 
insufficient. In advanced manufacturing, this framework has been operationalised through a combination of real-time sensing, 
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data-driven modelling, and closed-loop control, enabling production systems to progressively narrow their variability envelope 
through continuous learning. The functional parallels between this architecture and the instrumented, sensor-rich environment 
of modern CEA are evident: CEA systems already deploy many of the constituent technologies that ZDM requires, including 
computer vision, IoT-based monitoring, and adaptive control. Yet these capabilities have developed in a fragmented and 
largely atheoretical manner, without the integrative logic that would allow them to function as a coordinated quality and 
resource assurance system. 

This study addresses this gap directly. While ZDM has been extensively studied and applied in manufacturing contexts, no 
systematic framework exists for its application to agricultural production systems, and particularly not to biological production 
environments where variability is dynamic, adaptive, and governed by genotype-environment interaction rather than 
mechanical tolerance. This paper bridges that gap by extending the ZDM paradigm to CEA through a qualitative theory-
building approach, introducing two novel constructs, namely Zero-Defect Crops, defined as agricultural outputs produced in 
controlled environments that consistently meet predefined quality, yield, and safety standards through adaptive detection 
and control of deviations throughout the crop lifecycle, and Zero-Waste CEA, defined as a production paradigm in which 
resource flows are continuously monitored, optimised, and recirculated to eliminate inefficiencies and ensure closed-loop 
resource utilisation. Together, these constructs constitute a unified production paradigm that repositions CEA from a 
technologically advanced but conceptually fragmented practice into a prescriptive, system-level quality and efficiency 
framework grounded in established manufacturing theory. 

Despite the rapid development of sensing, automation, optimisation, and AI-based control in CEA, the literature remains 
fragmented across technical sub-problems such as growth monitoring, climate control, resource optimisation, and predictive 
modelling. What is still lacking is an integrative production-systems framework that can organise these capabilities within a 
coherent quality and resource assurance logic. This gap is significant because, without such a framework, CEA technologies 
risk remaining a collection of isolated smart functions rather than evolving into truly closed-loop production systems. In response, 
this paper asks whether the established ZDM logic of Detect, Predict, Prevent, and Repair can be systematically translated 
from industrial manufacturing to CEA. Using a Gioia-based theory-building approach supported by systematic literature 
mapping, the paper develops a conceptual framework for Zero-Defect Crops and Zero-Waste CEA and discusses its 
theoretical and operational implications for future agricultural cyber-physical systems. 

The remainder of the paper is structured as follows. Section II describes the research design, detailing the Systematic 
Literature Mapping process used for data collection and the Gioia methodology applied for theory building. Section III presents 
the analysis and theoretical interpretation of the identified aggregate dimensions within the ZDM-CEA framework. Section IV 
develops the Discussion, examining the cross-dimensional couplings and broader system-level implications. Section V presents 
the Conclusions, summarising the theoretical and practical contributions of the study and outlining directions for future 
research. 

II. METHODS AND MATERIALS 
This study adopts a qualitative theory-building design to develop a conceptual extension of the Zero-Defect Manufacturing 

(ZDM) paradigm into Controlled Environment Agriculture (CEA). The methodological approach combines Systematic Literature 
Mapping (SLM) for structured evidence collection with Gioia’s methodology for concept development and theoretical 
abstraction. This combination enables the study to move from a fragmented body of literature on smart agriculture and CEA 
toward a coherent framework structured around the ZDM dimensions of Detect, Predict, Prevent, and Repair. On this basis, the 
paper introduces the concepts of Zero-Defect Crops and Zero-Waste CEA as analytically linked dimensions of a closed-loop 
biological production paradigm. 

A. Data collection through Systematic Literature Mapping (SLM) 
The data collection process was conducted using a SLM approach to identify and structure relevant research in CEA, smart 

agriculture, and resource efficient food production systems. SLM extends traditional systematic literature review methods by 
enabling a structured and visual representation of research domains, supporting the identification of research gaps and 
emerging themes. The SLM process follows established principles of systematic reviews, including the definition of research 
objectives, conceptual boundaries, and inclusion criteria (Cahyo, 2021). Particular attention was given to studies addressing 
automation not only in terms of physical operations (e.g. harvesting), but also in decision-support systems, optimisation 
strategies, and intelligent control mechanisms. The aim was to gain insights on the considerations. In this state-of-the-art study, 
we have gathered bibliometric data from the most widely referred search engines for academic engineering papers, i.e. 
Scopus. The search fields for each paper were the title, abstract, and keywords specified by the author/s in the papers, with 
variations depending on the database, i.e. with Scopus, the tag combination was TITLE-ABS-KEY. The search has been 
performed on 30th of March 2026 and the search string was compounded by "controlled environment agriculture" AND 
("automat*" OR "smart" OR "optimisation"). The search was limited to articles from all years, written in English, and within all fields 
of engineering. 

To ensure methodological transparency, the search results were screened in multiple stages. First, duplicate and clearly 
irrelevant records were removed based on title and abstract review. Second, the remaining papers were assessed for 
conceptual relevance to at least one of the four focal capabilities later aligned with the ZDM framework: real-time detection, 
predictive modelling, preventive control, or corrective/adaptive response in CEA or closely related smart agriculture contexts. 
Studies focused exclusively on conventional open-field agriculture, purely biological crop science without digital or control 
relevance, or physical automation unrelated to monitoring, decision-making, or closed-loop regulation were excluded. The 
final corpus comprised [insert number] papers, which formed the evidentiary basis for first-order concept extraction and 
second-order thematic abstraction. Although the purpose of the review was theory building rather than bibliometric 
exhaustiveness, this structured screening process improved the traceability and reproducibility of the conceptual synthesis. 
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Scopus was selected as the primary database because of its broad coverage of engineering, applied technology, and 
interdisciplinary agricultural systems research, which aligns with the cross-domain scope of this study. 

B. Theory Building using Gioia’s approach 
For the data analysis and conceptual synthesis, this study adopts the qualitative methodology proposed by Gioia et al. 

(2013), which enables the development of rigorously grounded theoretical frameworks through a structured, multi-stage 
coding process. Following this approach, first-order concepts were extracted directly from the literature as informant-centric 
terms, preserving the original meaning of the reviewed studies, and subsequently grouped into second-order themes through 
iterative abstraction and researcher-centric interpretation. These themes were then consolidated into aggregate dimensions 
aligned with the established ZDM framework (Psarommatis et al., 2020), i.e., Detect, Predict, Prevent, and Repair, thereby 
enabling a hybrid inductive-deductive theory-building process; see Table 1. Within this framework, Zero-Defect Crops are 
conceptualised as “agricultural outputs produced in controlled environments that consistently meet predefined quality, yield, 
and safety standards through continuous sensing/monitoring, predictive analytics, and adaptive control mechanisms that 
detect, predict, prevent, and correct deviations (minimise variability) throughout the crop lifecycle”. In parallel, Zero-Waste 
CEA is defined as a “production paradigm in which water, nutrients, energy, and biomass flows are continuously monitored, 
optimised, and recirculated to minimise losses, eliminate inefficiencies and ensure closed-loop resource utilisation across the 
entire agricultural system”. This approach ensures both methodological rigour and theoretical coherence, enabling the 
systematic translation of ZDM principles from industrial manufacturing to biological production systems. Unlike a purely 
inductive Gioia design in which aggregate dimensions emerge entirely from the data, this study uses a theory-anchored 
abductive logic. Specifically, the aggregate dimensions were predefined through the validated ZDM structure of Detect, 
Predict, Prevent, and Repair, while the first-order concepts and second-order themes were derived iteratively from the 
reviewed literature. This preserves interpretive openness at the level of empirical coding while maintaining theoretical 
coherence at the framework level. 

III. ANALYSIS AND THEORETICAL INTERPRETATIONS 
This section presents the coded evidence and theoretical interpretation of the literature through the four ZDM dimensions 

of Detect, Predict, Prevent, and Repair. The resulting data structure comprises 25 first-order concepts extracted from the 
literature, 13 second-order themes generated through cross-domain abstraction, and four aggregate dimensions aligned with 
the ZDM paradigm i.e., Detect, Predict, Prevent, and Repair. Table 1 presents the Gioia data structure developed in this study. 
It shows how literature-derived first-order concepts were grouped into second-order themes and then aligned with the four 
aggregate dimensions of the ZDM framework. The table serves as the analytical bridge between the reviewed CEA literature 
and the conceptual constructs developed in this paper. 

TABLE I.  GIOIA METHOD 

First order Concepts Second-order Themes Aggregated Dimensions 
of ZDM 

“real-time autonomous horticulture monitoring system… viewing 
greenhouse crop data and camera feed of plants” 
"non-destructive and continuous plant weight measurement system" Aji et 
al. (2020) 

Real-time plant state sensing & monitoring 

Detect “early detection of nutrient deficiencies and plant stress through sensor 
data” Early anomaly identification 

“environmental parameters such as temperature, humidity, and CO₂ are 
continuously tracked” System-wide condition tracking 

“machine learning models are used to predict crop yield and 
performance” Patel et al. (2024) 
"noninvasive estimation of leaf pigments" Cammarisano et al. (2022) 
"scalable, data-driven method to predict yield in CEA" Rahman et al. (2025) 

AI/ML Predictive crop analytics 

Predict 

“forecasting plant growth and optimal harvest time using time-series 
models” 
"hybrid model systematically captures environmental variability, simulates 
plant growth" Kharraz & Szabó (2025) 

Growth forecasting and Harvest prediction 

“data-driven models simulate crop-environment interactions” 
"model simulates the operation of the systems and the energy 
performance" Costantino et al. (2021) 
"two-stage MLP-lookup table model… decouples environmental 
predictions from equipment-specific performance mapping" (Choi et al., 
2026) 
"model for predicting wind speed and direction" Kurafeeva et al. (2024) 

Digital crop modelling / Physics-informed and 
hybrid system modelling 

“adaptive lighting systems dynamically adjust based on plant 
requirements” 

Multi-objective environmental parameter 
regulation 

Prevent 
“precision fertigation enables optimal nutrient delivery to crops” 
"real-time adjustments...minimizes human intervention and reduces nutrient 
wastage"  Patel et al. (2024) 

Resource optimisation and waste reduction 

“model predictive control is applied to regulate greenhouse climate 
conditions” Preventive control systems 

“closed-loop systems allow water and nutrient recirculation” Resource circularity 
"treatment strategies...must be modified to account for these differences"  
Kurafeeva et al. (2024) 
 
“corrective actions are applied when deviations in plant conditions are 
detected” 

Corrective post-detection interventions 
Repair 

"stress response...influenced by precision irrigation"  Khan et al. (2026) Adaptive response to plant physiological stress 
“nutrient levels are adjusted after imbalance is identified” System recovery mechanisms 
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"closed-loop water and nutrient cycles with waste-to-food pathways" 
Leiding et al. (2026) 
"feedback-based model refinement"  Fernández et al. (2025) 

 

A. ZDM-Detect 
ZDM-Detect refers to the systematic capacity of a CEA system to continuously observe, identify, and record deviations from 

desired crop and environmental states, forming the essential epistemic foundation upon which all downstream quality and 
resource assurance actions depend. In CEA, detection is not merely a passive monitoring function; it constitutes the first 
boundary condition between variability and control, between reactive management and proactive optimisation. Without a 
robust detection layer, the aspiration of “Zero-Defect Crops” remains structurally inaccessible. Studies across the reviewed 
literature converge on the idea that effective detection in CEA demands non-destructive, multi-modal sensing operating in 
real time. At the plant level, the development of systems capable of "non-destructive and continuous plant weight 
measurement" (Aji et al., 2020) marks a critical transition from episodic, manual sampling, which is inherently limited in temporal 
resolution, to continuous physiological surveillance. This shift is not merely technological but epistemological: it transforms the 
crop from an object periodically assessed to a dynamic system whose internal state is perpetually legible. Cammarisano et al. 
(2022) extend this logic to the spectral domain, demonstrating the "non-invasive estimation of leaf pigments," thus enabling 
the detection of biochemical perturbations, e.g., early-stage chlorophyll degradation or anthocyanin accumulation, that 
precede visible morphological symptoms by days. This temporal advantage is decisive for Zero-Defect Crops: the earlier a 
deviation is identified, the smaller the loss envelope. The environmental dimension of detection is equally critical. Studies 
consistently underscore the importance of tracking "environmental parameters such as temperature, humidity, and CO₂ 
continuously," reflecting the understanding that crop physiology is inseparable from its aerial and root-zone microenvironment. 
What remains underdeveloped in the literature, however, is the integration of plant-level and environment-level signals into 
unified state representations. While Kim et al. (2025) demonstrates the feasibility of "non-destructive, real-time monitoring using 
only low-cost fixed cameras," reducing instrumentation cost barriers, most detection architectures reviewed operate either at 
the plant or environmental layer, and rarely simultaneously across both with semantic fusion. A notable exception is presented 
by Lee et al. (2025a), who develop a "near-field remote sensing framework that fuses RGB image features" with environmental 
variables, including CO₂ concentration, temperature, and light conditions, to predict CO₂ uptake and respiration dynamics 
across five leafy vegetable species. This fusion architecture begins to close the semantic gap between plant morphological 
state and environmental state monitoring, demonstrating that image-derived crop features carry predictive information about 
CO₂ dynamics that environmental sensors alone cannot resolve. This fragmentation represents a structural limitation: in 
biological systems, a CO₂ anomaly may manifest as a photosynthetic efficiency change before it registers as a growth 
deviation; yet systems that monitor these channels in isolation will fail to recognise the causal chain. In CEA terms, this implies 
that realising true Zero-Defect Crop detection requires transitioning from distributed, single-variable sensing toward integrated, 
multi-parameter physiological-environmental state estimation, i.e., one where "morphological traits such as area, major, and 
minor axes" (Rahman et al., 2025) are interpreted alongside spectral and microclimate data in a coherent, real-time diagnostic 
frame. 

B. ZDM-Predict 
ZDM-Predict in CEA denotes the analytical capability to anticipate future system states, i.e., whether at the scale of crop 

yield trajectories, growth-stage transitions, or energy consumption dynamics, based on current and historical process data. 
Where detection establishes what is, prediction establishes what will be, enabling the system to shift from reactive correction 
to proactive intervention. In the context of Zero-Defect Crops, predictive capacity is not a supplementary feature but a 
structural necessity: biological production systems operate under inherent temporal lags, whereby the consequences of 
environmental mismanagement may not manifest in measurable crop outcomes for hours or days. A system that can only 
detect is always already behind; a system that can predict can intervene before the damage is done. The reviewed literature 
reveals a clear trajectory toward data-driven predictive architectures, though with significant variation in modelling philosophy 
and scope. At one end, Rahman et al. (2025) proposes a "scalable, data-driven method to predict yield in CEA," leveraging 
time-series vision models to forecast growth dynamics from morphological observations, i.e., a purely empirical approach that 
requires abundant observational data but remains agnostic to the underlying biological mechanisms. Patel et al. (2024) 
similarly demonstrates that "machine learning models are used to predict crop yield and performance" in IoT-instrumented 
hydroponic systems, linking sensor streams to production outcomes. These approaches excel at capturing complex, nonlinear 
relationships within the data envelope on which they are trained, but their generalisability across cultivars, growth stages, and 
environmental regimes remains a recognised limitation. Critically, a more theoretically grounded strand of the literature 
challenges the sufficiency of data-only models for CEA prediction. Kharraz and Szabó (2025) argue for a hybrid architecture 
in which a "model systematically captures environmental variability, simulates plant growth" by combining stochastic, 
empirical, and optimisation methods with machine learning, a convergence that substantially improves extrapolation 
capacity and interpretability. This tension between purely data-driven and physics-informed modelling approaches is one of 
the defining intellectual conflicts in the ZDM-Predict domain and carries real system implications: in a commercial CEA context, 
a yield prediction model that fails under novel spectral regimes or novel cultivars is a liability, not an asset. At the system level, 
predictive capability must extend beyond crop biology to encompass facility-level resource dynamics. Costantino et al. (2021) 
show that simulation models can capture both system operation and energy performance in mechanically ventilated 
greenhouses, highlighting the importance of integrating environmental control with energy optimisation. Extending this 
perspective, Choi et al. (2026) develop a two-stage MLP–lookup table model that first predicts greenhouse temperature and 
humidity and subsequently estimates heat pump energy consumption through manufacturer performance mapping. This 
architecture demonstrates robust generalisation across varying setpoint temperatures, facility locations, and control strategies, 
and critically, across hardware replacement scenarios where end-to-end black-box models tend to fail. Complementing this, 
Lee et al. (2025a) show that fusing image-based crop monitoring with environmental sensing enables accurate prediction of 
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CO₂ dynamics at the crop level, with scenario analyses indicating potential reductions in water demand under optimised CO₂ 
enrichment conditions, directly supporting resource efficiency objectives in Zero-Waste CEA. Meanwhile, Kurafeeva et al. 
(2024) demonstrate that even localised physical phenomena, such as predicting wind speed and direction within screened 
citrus systems, have practical implications for disease risk and environmental uniformity, underscoring the need for multi-scale 
predictive coverage. Together, these studies reveal that prediction in CEA is not a single capability but a nested hierarchy of 
forecasting functions, ranging from leaf-level physiological responses to facility-level energy demand, whose integration is 
essential to achieving both Zero-Defect Crops and Zero-Waste CEA. 

C. ZDM-Prevent 
ZDM-Prevent in CEA refers to the proactive, control-oriented mechanisms by which the system acts on detected states and 

predictive outputs to preclude deviations from materialising as crop defects or resource inefficiencies. Prevention 
operationalises the intelligence gathered by the Detect and Predict dimensions, transforming data into regulatory action. It is 
the dimension through which variability is not merely observed or anticipated but actively suppressed and, crucially, through 
which the Zero-Waste CEA objective is most directly pursued, since resource losses in CEA are predominantly a function of 
suboptimal environmental regulation rather than catastrophic failure events. The literature reveals prevention operating across 
two interlocking domains: precision input management and multi-objective environmental control. At the crop-resource 
interface, precision fertigation emerges as a canonical preventive mechanism. Patel et al. (2024) demonstrates that through 
IoT-driven automation, "real-time adjustments minimise human intervention and reduces nutrient wastage," collapsing the gap 
between crop demand and nutrient supply. This point is theoretically significant: conventional batch-scheduled fertigation 
applies inputs according to predetermined schedules, accumulating deviation between supply and actual plant need over 
time. In contrast, continuous-feedback fertigation maintains nutrient concentrations within tight tolerances at each growth 
stage, directly reducing the probability of deficiency- or toxicity-induced crop defects. Leiding et al. (2026) extend this logic 
to the systems level, demonstrating that "closed-loop water and nutrient cycles with waste-to-food pathways" can be 
constructed, transforming what are traditionally treated as terminal waste streams into recirculated productive inputs, i.e., a 
direct architectural expression of Zero-Waste CEA. At the facility level, multi-objective climate regulation presents a more 
complex challenge, as the simultaneous optimisation of temperature, humidity, CO₂, and light intensity involves trade-offs that 
single-variable control loops cannot resolve. Chen et al. (2022) demonstrates that "model predictive control applied to 
regulate greenhouse climate conditions" offers a principled approach to this challenge, enabling the system to anticipate 
future states and select control actions that jointly satisfy multiple performance objectives, e.g., energy consumption, thermal 
comfort, and crop developmental targets, rather than optimising each in isolation. Niu et al. (2024) highlight that 
"improvements in the light environment of greenhouse plants are essential," framing spectral management as a preventive 
instrument: well-designed lighting not only drives photosynthesis but prevents the photoinhibition and developmental 
dysregulation that arise from poorly calibrated irradiance regimes. Lee et al. (2025b) extends this argument at the spectral 
specificity level, demonstrating that "white LED treatments" can simultaneously sustain "favourable photochemical efficiency" 
in Korean thistle while maintaining yield quality across a range of spectral conditions, a finding that highlights the dual 
preventive function of targeted spectral selection, precluding photochemical stress without sacrificing biomass accumulation. 
Abdelkader et al. (2023) demonstrate that IoT-enabled automated light control systems, using low-computational-cost 
algorithms to regulate light intensity only when deviations from target conditions are detected, can achieve effective energy 
reduction across both small- and large-scale plant factory configurations, reinforcing the principle that precision input 
management is simultaneously a quality assurance and a resource efficiency mechanism.  However, a critical tension emerges 
across the literature, Kurafeeva et al. (2024) warn that "treatment strategies must be modified to account for these differences" 
when applying control protocols developed in one environmental context to structurally distinct systems, a reminder that 
preventive control architectures, however sophisticated, remain locally situated and require careful validation before 
generalisation. This suggests that the path to universal Zero-Waste CEA is not a single control strategy but a portfolio of validated 
preventive mechanisms, instantiated and calibrated to the specific physiology-environment coupling of each production 
system.  

D. ZDM-Repair  
ZDM-Repair in Controlled Environment Agriculture refers to the capacity of the system to recognise, respond to, and recover 

from deviations that have already manifested, i.e., whether at the level of plant physiological stress, nutrient imbalance, 
environmental disturbance, or model prediction error, in a manner that minimises cumulative performance loss and restores 
the system to its intended operational state. While Detect and Predict concern the informational architecture of quality 
assurance, and Prevent concerns its proactive regulatory architecture, Repair constitutes the residual corrective layer that 
operates when preventive mechanisms are insufficient, as they inevitably will be, given the inherent stochasticity of biological 
production. The aspiration of Zero-Defect Crops does not presuppose the elimination of deviation; it presupposes that any 
deviation that does occur is contained, corrected, and learned from rapidly enough to preclude material quality loss. The 
reviewed literature reveals repair operating at multiple system levels, with varying degrees of sophistication and closure. At the 
plant physiological level, Khan et al. (2026) demonstrates that "stress response is influenced by precision irrigation" in medicinal 
plant cultivation under smart farming regimes, a finding that reframes irrigation not merely as a resource delivery mechanism 
but as a therapeutic instrument, capable of reversing or attenuating stress phenotypes once detected. Similarly, the principle 
that "nutrient levels are adjusted after imbalance is identified" reflects a corrective logic in which chemical monitoring triggers 
targeted reformulation of the fertigation solution, i.e., a reactive but highly effective intervention when detection latency is 
sufficiently low. What the literature does not yet adequately address is the quantification of this latency threshold: below some 
critical delay, correction can reverse the defect trajectory; above it, the physiological damage becomes irreversible and the 
crop is lost. This gap represents a significant frontier for Zero-Defect Crop research. At the system and model level, Fernández 
et al. (2025) introduce the concept of "feedback-based model refinement" within a digital twin architecture for hydroponic 
greenhouse horticulture, i.e., a repair mechanism operating not on the crop but on the predictive and control models 
themselves. This is a conceptually important distinction: as CEA systems accumulate operational experience across seasons, 
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cultivars, and environmental conditions, the capacity to update and recalibrate internal models constitutes a form of systemic 
learning that progressively reduces the frequency and severity of future deviations. Leiding et al. (2026) extend the repair logic 
to the material cycle level, proposing "closed-loop water and nutrient cycles with waste-to-food pathways" that not only 
prevent resource losses but actively recover value from process byproducts, i.e., a circularity mechanism that closes the 
metabolic loop of the agricultural system. Kurafeeva et al. (2024) further note that effective repair requires contextual 
specificity: correction protocols "must be modified to account for these differences" across system configurations, rejecting the 
notion of universal repair recipes. Taken together, these contributions suggest that Repair in CEA is not a single corrective act 
but a layered adaptive process, e.g., spanning physiological recovery, environmental re-regulation, model recalibration, and 
resource recirculation, whose coherent integration constitutes the final pillar of a truly closed-loop, Zero-Defect and Zero-Waste 
agricultural production system. 

IV. DISCUSSION 
The application of ZDM principles to CEA represents more than a cross-domain technology transfer; it constitutes a 

fundamental reconceptualisation of what agricultural production systems are and what they can become. In conventional 
manufacturing, variability is predominantly mechanical in origin and therefore, in principle, deterministically reducible through 
tighter process control, better tooling, and improved materials. In CEA, by contrast, variability is biological, which is to say it is 
dynamic, adaptive, and only partially reducible through external regulation. Plants are not passive workpieces: they respond 
to environmental signals, adjust their physiology across developmental stages, and express genotype-environment interactions 
that no static control protocol can fully anticipate. The central theoretical claim of this study is that this distinction, rather than 
invalidating the ZDM analogy, actually enriches it. The increasing integration of real-time sensing, data-driven prediction, and 
closed-loop control in CEA systems does not make crops behave like manufactured parts; it makes the production system 
capable of tracking, responding to, and learning from biological variability in ways that progressively constrain its 
consequences. CEA, in this framing, is best understood not as a farm but as a cyber-physical production system operating on 
living material, and it is precisely this framing that makes ZDM a productive analytical lens. 

Within this reconceptualised production context, the concepts of Zero-Defect Crops and Zero-Waste CEA emerge as two 
analytically distinct but operationally inseparable dimensions of a unified production paradigm. Zero-Defect Crops address 
the output dimension of quality, targeting the minimisation of biological variability across the crop lifecycle such that each 
harvested unit consistently meets predefined physiological, morphological, and safety standards. Zero-Waste CEA addresses 
the input-throughput dimension of efficiency, targeting the continuous optimisation and recirculation of water, nutrients, 
energy, and biomass flows such that the system approaches full resource closure. The interdependence between these two 
dimensions is not incidental but structural: a system that detects and corrects plant stress in real time necessarily consumes 
fewer corrective inputs than one that allows deviations to accumulate; conversely, a system that maintains precise resource 
delivery reduces the probability of the physiological stress that generates crop defects in the first place. Together, they reflect 
a paradigm shift from yield-oriented agriculture, in which the primary performance metric is total biomass produced per unit 
area, toward system-optimised agriculture, in which the performance envelope encompasses output quality, resource 
utilisation efficiency, and adaptive system resilience simultaneously. 

From an implementation perspective, the framework can also be read as a capability architecture for CEA system design 
and assessment. Detect corresponds to the sensing and data acquisition layer; Predict corresponds to the modelling and 
forecasting layer; Prevent corresponds to the closed-loop optimisation and control layer; and Repair corresponds to the 
corrective intervention and learning layer. Framed in this way, the ZDM-derived structure can support the staged development 
of CEA facilities, enabling operators and technology providers to identify capability gaps, prioritise investments, and evaluate 
whether an apparently “smart” agricultural system is in fact capable of operating as an integrated quality and resource 
assurance system. 

Beneath the visible technological layer of CEA, however, lies a set of structural challenges that the reviewed literature 
collectively surfaces but rarely addresses in integrated terms. Much of the discourse on smart agriculture and precision CEA 
tends to foreground individual capabilities, e.g., computer vision for growth monitoring, machine learning for yield prediction, 
or model predictive control for climate regulation, as discrete solutions to discrete problems. Yet the deeper challenge is not 
the availability of these capabilities in isolation but their coherent integration into a system that can close the loop between 
sensing, reasoning, and action across the full biological and operational complexity of a living production environment. This 
challenge operates at multiple layers simultaneously. At the data layer, signals from heterogeneous sensors, e.g., spectral 
cameras, CO₂ monitors, weighing platforms, and flow meters, must be semantically fused into a coherent state representation 
rather than monitored in parallel silos. At the model layer, the tension between purely empirical, data-driven models and 
physics-informed hybrid architectures reflects a deeper uncertainty about which aspects of crop-environment interaction are 
sufficiently stable to be modelled mechanistically and which require continuous empirical recalibration. At the control layer, 
the multi-objective nature of CEA regulation means that optimising for one performance dimension, i.e., maximising 
photosynthetic efficiency through elevated CO₂, may conflict with another, i.e., minimising energy consumption. Recognising 
these layered integration challenges is not an argument against the ZDM framework; it is an argument for why the framework 
is needed. A system that lacks explicit Detect, Predict, Prevent, and Repair functions will manage these tensions reactively and 
inconsistently; a system that instantiates all four functions coherently will manage them systematically. 

The Detect-Prevent coupling constitutes the most direct operational expression of Zero-Defect Crop logic in CEA. Real-time 
sensing of plant physiological state, including the continuous tracking of morphological indicators such as "morphological traits 
such as area, major, and minor axes" (Rahman et al., 2025) and biochemical signals such as "chlorophyll fluorescence as a 
valuable tool for monitoring light use efficiency" (Van Iersel et al., 2016), generates a high-resolution dynamic picture of crop 
condition that can trigger immediate environmental adjustments before stress expressions consolidate into irreversible quality 
losses. The interpretive significance of this coupling lies in the compression of the deviation-response cycle: in a system without 
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real-time detection, the interval between the onset of a physiological deviation and its discovery through periodic inspection 
may span hours or days, during which the deviation propagates. In a system with continuous sensing, this interval is reduced 
to minutes or seconds, and the corresponding window for effective preventive intervention remains open. From a Zero-Waste 
CEA perspective, the same coupling delivers a secondary benefit: targeted, demand-driven resource delivery, of the kind 
demonstrated by Patel et al. (2024) in which "real-time adjustments minimise human intervention and reduces nutrient 
wastage," eliminates the systematic oversupply that characterises schedule-based input management, thereby reducing both 
the cost and the environmental burden of production. This resource efficiency dimension extends to atmospheric 
management as well. Lee et al. (2025a) shows that continuous image-sensor fusion monitoring of CO₂ dynamics can inform 
enrichment strategies that reduce modelled water demand by approximately 11%, a finding that illustrates how detection-
informed environmental adjustment generates cascading resource gains across multiple input streams simultaneously. The 
Detect-Prevent linkage, in this light, is not merely a quality assurance mechanism but a resource governance mechanism 
operating in real time. 

The Predict-Prevent coupling extends this logic into the temporal domain, enabling the system to act on anticipated states 
rather than observed ones. Where the Detect-Prevent loop is reactive at the timescale of minutes, the Predict-Prevent loop is 
proactive at the timescale of days and growing seasons. Rahman et al. (2025) demonstrates that a "vision-based framework 
to forecast plant growth dynamics" can generate reliable trajectories of crop development that enable preventive adjustment 
of environmental setpoints, harvest scheduling, and resource provisioning long before any deviation is detectable in sensor 
data. Kharraz and Szabó (2025), operating at the model architecture level, show that a "hybrid model systematically captures 
environmental variability, simulates plant growth" through the integration of stochastic and mechanistic components, enabling 
the system to anticipate not just the most likely future state but the range of plausible futures given current environmental 
uncertainty. The implication for Zero-Waste CEA is particularly significant: a system that can predict energy demand 
trajectories, as Costantino et al. (2021) demonstrate through a "model simulates the operation of the systems and the energy 
performance," can schedule resource-intensive operations, i.e., heating, artificial lighting, CO₂ enrichment, to coincide with 
periods of low energy cost or high renewable availability, thereby reducing total energy expenditure without compromising 
crop developmental targets. The Predict-Prevent coupling, therefore, is the mechanism through which CEA systems transition 
from responsive to anticipatory, and from locally optimised to globally efficient. 

The Detect-Repair coupling serves a distinct but complementary function: it ensures that deviations which escape the 
preventive layer are identified and corrected before they propagate to irreversible crop damage or systemic resource loss. 
The theoretical importance of this coupling lies in its acknowledgment that no preventive architecture, however sophisticated, 
can eliminate all deviations in a biological production system. Biological stochasticity, model uncertainty, sensor failure, and 
exogenous disturbances, e.g., pathogen incursion or supply chain disruption, will periodically breach the preventive envelope. 
What determines whether such breaches result in significant crop or resource losses is the speed and precision of the corrective 
response. Khan et al. (2026) demonstrates that "stress response is influenced by precision irrigation," illustrating that targeted 
corrective input can reverse physiological stress trajectories once detected, provided the intervention is applied within a 
biologically meaningful window. Fernández et al. (2025) introduce a higher-order form of repair through "feedback-based 
model refinement," in which detection of prediction errors triggers updates to the system's internal models rather than, or in 
addition to, the crop environment itself. This model-level repair is conceptually significant because it represents a form of 
systemic learning: the system does not merely correct the immediate deviation but improves its capacity to prevent analogous 
deviations in the future. From a Zero-Defect Crops perspective, the Detect-Repair coupling thus closes the quality loop not 
only in the operational cycle but across production cycles, progressively narrowing the variance envelope through 
accumulated corrective intelligence. 

Taken together, these three couplings, i.e., Detect-Prevent, Predict-Prevent, and Detect-Repair, constitute the operational 
architecture of a closed-loop, self-optimising CEA system. The functional logic is not sequential but recursive: detection feeds 
both prevention and repair; prediction amplifies the reach and precision of prevention; repair generates feedback that refines 
detection sensitivity and predictive accuracy; and the entire system progressively converges toward a tighter correspondence 
between intended and actual crop and resource states across successive production cycles. This architecture is structurally 
consonant with the principles of Industry 4.0 and its evolution toward Industry 5.0, in which cyber-physical systems are not 
merely data-generating or data-consuming but genuinely self-aware and self-correcting. The difference in CEA is that the 
cyber-physical system is coupled to a living organism rather than a mechanical process, which introduces irreducible biological 
dynamics that no digital architecture can fully internalise. The productive tension between the determinism of the control 
system and the stochasticity of the biological system is, in this sense, the defining engineering challenge of advanced CEA, 
and the ZDM framework provides the conceptual vocabulary to address it systematically rather than ad hoc. 

The broader implications of this work extend beyond the technical domain of CEA system design. The framing of agricultural 
production as a defect- and waste-minimising cyber-physical system connects to some of the most pressing imperatives of 
contemporary food system governance: the need to produce more food with fewer resources, to decouple agricultural 
productivity from environmental degradation, and to build resilience into food supply chains increasingly vulnerable to climate 
volatility. The convergence of Zero-Defect Crops and Zero-Waste CEA within a unified ZDM-derived framework suggests that 
the apparent trade-off between food quality and resource efficiency is, in a well-designed CEA system, a false dichotomy: the 
same real-time data infrastructure that enables quality assurance also enables resource optimisation, because both objectives 
are ultimately expressions of the same underlying imperative, i.e., to minimise the gap between the biological potential of the 
crop and the actual performance of the production system. In this light, the future of controlled environment food production 
may be understood as a form of biological manufacturing, not in the reductive sense of treating organisms as machines, but 
in the precise sense that production variability is systematically characterised, modelled, controlled, and learned from with the 
same rigour that advanced manufacturing applies to mechanical tolerance management. Whether that aspiration is 
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realisable at the scale and cost required for mainstream food production remains an open and consequential question, one 
that this framework is designed to help answer. 

This study should be interpreted in light of several limitations. First, the paper is conceptual and theory-building in nature; it 
does not empirically validate the proposed framework in a real CEA facility. Second, the reviewed literature is heterogeneous 
in scope, ranging from plant monitoring and environmental control to predictive modelling and smart agriculture architectures, 
which means that the resulting framework necessarily synthesises evidence across partially different operational contexts. Third, 
while the ZDM dimensions provide a powerful integrative structure, the transfer from industrial manufacturing to biological 
production is not exact, because plant systems remain adaptive, developmental, and partly irreducible to deterministic control 
logic. These limitations do not weaken the value of the framework, but they define the conditions under which it should be 
interpreted. 

Future research should therefore move in three directions. First, the framework should be empirically tested in commercial 
or pilot CEA facilities across different crops and production regimes. Second, quantitative maturity indicators should be 
developed for each ZDM dimension in order to assess how close a facility is to operating as a closed-loop zero-defect and 
zero-waste system. Third, future work should explore how digital twins, physics-informed AI, and multi-objective optimisation 
can operationalise the framework in real-time control environments where crop quality, yield stability, energy use, water 
recirculation, and nutrient efficiency must be managed simultaneously. 

 

V. CONCLUSIONS 
This study demonstrates that the ZDM paradigm can be systematically extended to CEA, establishing a theoretically 

grounded and operationally coherent framework for defect-free, resource-efficient biological production. By applying the 
Gioia methodology to a systematic literature mapping of CEA and smart agriculture research and using the four established 
ZDM aggregate dimensions of Detect, Predict, Prevent, and Repair, structured in alignment with established ZDM theory, the 
study identifies and translates them into the novel constructs of Zero-Defect Crops and Zero-Waste CEA. This constitutes the first 
systematic application of ZDM principles to a biological production context and advances a conceptual framework that 
positions CEA not as a form of managed agriculture but as a cyber-physical production system capable of operating with 
industrial-grade quality and resource assurance. 

This work contributes to the theoretical literature in two respects. First, it extends the conceptual boundary of ZDM from 
mechanical systems, where variability is predominantly deterministic, to biological systems, where variability is dynamic, 
adaptive, and genotype-environment dependent, demonstrating that the ZDM logic remains analytically productive despite 
this fundamental ontological difference. Second, it advances the Gioia methodology by introducing a hybrid inductive-
deductive design in which aggregate dimensions are not derived purely from the literature but anchored a priori in a validated 
theoretical framework. This disciplined abduction enables structured cross-domain theory building and offers a replicable 
methodological model for researchers seeking to translate industrial production paradigms into emerging biological, 
ecological, or service-oriented domains where fragmented empirical literatures resist conventional systematic review. 

From a practical perspective, the framework proposed in this study offers CEA system designers, facility operators, and 
agricultural technology developers a structured vocabulary for diagnosing gaps in their production systems and prioritising 
capability investments. A CEA facility that monitors crop growth but lacks predictive models cannot anticipate deviations 
before they manifest; one that predicts yield trajectories, but lacks closed-loop control cannot translate foresight into 
prevention. The Detect-Predict-Prevent-Repair architecture makes these functional dependencies explicit, enabling operators 
to evaluate their systems not as collections of individual technologies but as integrated quality assurance systems with 
identifiable failure modes. Beyond the facility level, the Zero-Waste CEA construct, with its emphasis on full resource circularity 
across water, nutrient, energy, and biomass flows, connects directly to sustainability objectives in agri-food policy, offering a 
production-systems rationale for regulatory incentives targeting resource efficiency and environmental decoupling in urban 
and peri-urban food production. 

These findings suggest that the trajectory of CEA development points toward what may be characterised as biological 
manufacturing, i.e., a production paradigm in which crop variability is not merely tolerated or reactively corrected but 
systematically characterised, modelled, controlled, and learned from across production cycles. Realising this trajectory at 
operational scale will require advances in multi-modal sensor fusion, hybrid physics-informed predictive modelling, and 
empirical validation of the ZDM-CEA framework across diverse crops, facility configurations, and production regimes. These 
represent the natural next steps for a research programme that this study is designed to initiate. 
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Abstract— In this paper, we discuss computations in Acceptance Sampling “by variables”, the classical complement to Statistical Process 
Control. We focus on the case of double (lower and upper) specification limits (Gaussian variable), and relate the cases of single and double 
specification limits. After briefly reviewing the topic, we expose a detail in its core mathematical basis, relating the quality index to the 
estimated percent defective, in contrast to the verbosity in literature, and provide a web page for the direct computation. There, the interested 
reader, needing no additional software or tables, can verify our computations in a clear, trustworthy manner, rare in the literature. This 
methodology also points to an easier collaboration between Academia and Industry. 
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I. 1 BACKGROUND AND PURPOSE  
Quality, if we couple it to Statistics, has been around already since one century and is everywhere, namely in manufacture 

and in business in general. A sketch of the history of Quality is in Fig. 1, noticing the leap in the “Early 20.th century”, from the 
American Society for Quality (ASQ) website2 , where pioneers, such as Shewhart, Deming, Juran, Ishikawa, are naturally 
mentioned. 

In this paper, in a simplified manner, we separate what occurs inside an organization and what happens across its frontiers. 
In terms familiar to us, Quality partisans, these would be Statistical Process Control (SPC) and Acceptance Sampling (AS), 
respectively. We address the latter, to  (i) recollect some of its statistical basis,  (ii) bring it to the open light of execution on a 
constructed web page, shortening the scientific path, and (iii) criticizing simultaneous verbosity and gaps in essential support 
documents. 

 
Fig. 1. ASQ: “The History of Quality”. 

Acceptance sampling by variables to inspect a lot of similar items (detailed in III.A) is, briefly: 

– From the lot, draw a sample and calculate its average, X , and standard deviation, s. 

– Is X  “safely” inside (L, U), i.e., at a good distance of them, in terms of s ? 
– If Yes, Accept the lot; if No, Reject the lot. 

We also review basic aspects of Quality, often diluted in management concepts, as once remarked by (Gunther 1998). 
The fact is that the international standards underlying our subject keep being updated and maintained (e.g., (ISO/TC 69/SC 5 
2022b)). In the areas of Engineering, these authors’ field of interest, such as Chemical or Computer Science Engineering, 
Acceptance Sampling becomes more purposeful when, simultaneously, the continuous variable inspected is subject to the 
two specification limits, lower and upper3. In the Quality terminology, this is “AS by variables” under “Form 2” (ISO/TC 69/SC 5 

 
1 Corresponding author M. Casquilho: mcasquilho@tecnico.ulisboa.pt 
2 URL: https://asq.org/quality-resources/history-of-quality 
3 Not to be confused with the lower and upper control limits, LCL and UCL, in SPC. 
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2022a), whereas Form 1 is meant for single specification limits. This becomes computationally accessible, as will be seen, and 
is advantageous, namely, to non-specialized decision makers. 

In the following parts:  Section II, “Approach to bibliographical reproach”, comments some unsatisfactory literature 
features; Section III, “Inspection procedure and mathematical transformation”, describes the sampling procedure according 
to the applicable standards and the said transformation;  Section IV, “Results and discussion”, shows and explains the 
web-based functionality, and settles our results; and Section v, “Conclusions”, sums up the usefulness of the study. 

II. APPROACH TO BIBLIOGRAPHICAL REPROACH 
As a first thought, we note that, despite the presence of Informatics4 in most domains (Engineering, Medicine, Linguistics, 

etc.), we (these non-Informatics Engineering authors) regret the often-weak connection from the informatic engineers, leading 
to poor results in the said domains. Second thought, in the scientific literature, is the lack of links to web pages for the verification 
of results by the reader, a fact about which we are not neutral. We always provide them, but found no literature examples to 
cite, apart from our own, such as (Casquilho 2013), (Carolino et al. 2016), (Barros and Casquilho 2019), (Casquilho and Buescu 
2022), (Casquilho et al. 2025), (Casquilho and Pacheco 2023), (Casquilho 2025), as verifiable, e.g., in (Kuntsche et al. 2011)5. 
One reason for this absence may be the editors’ worry (reasonably, as seen in next paragraph) that the targets disappear, 
which leads to the broader issue of the permanence of the publications themselves, nowadays as ‘pdf’ documents on the 
Web, no longer in paper. 

A remarkable case of web computing (not typical articles) is Ponce’s (Ponce 1999)6 website (Hydraulics) with hundreds of 
dynamic problems. Another example of web computing, also academic, is Arsham’s (Arsham 1994) website, a large repository 
on Operations Research and Statistics. As concrete article, see, e.g., (Kuntsche et al. 2011), on Chemical Engineering, reporting 
a website for process simulation for which one of the two links is “not found” (well, since 2011) and showing no clickable 
illustration. (We resort to open the ‘pdf’s with the free version of (PDF Xchange 2026), usually able to detect links.) 

These authors will be thankful for any examples of (open access or not) technological literature articles that include links 
for the verification by the interested readers.  We could not find them even with the help from several AI (artificial intelligence) 
engines. 

III. INSPECTION PROCEDURE AND MATHEMATICAL TRANSFORMATION 
We now detail the inspection procedure for practical application, as prescribed in the standard, and show the 

mathematical transformation of the acceptance constant, k, into the maximum estimated percent defective, M. 

A. Inspection procedure 
The use of AS by variables, as defined in the applicable international standards, assumes that the material to be inspected 

is constituted by a series, the “lot”, of individual, measurable, similar parts (such as screws, resistors, bags of cereal, bottles of 
chemicals with prescribed composition, etc.). The inspection of incoherent material, the so-called “bulk sampling” (ISO/TC 
69/SC 5 2022a), such as powders, slurry, liquids, is not in our scope. 

The inspection procedure observes the following steps, beginning with the establishment of the size of the random sample 
to be drawn from the whole material, i.e., the lot, of, say, size N = 100 (to match the example used further below): 

The inspection procedure begins with the establishment of the size of the random sample to be drawn from the whole 
material, i.e., the lot, of, say, size N = 100 (to match the example used further below): 

a) Identify the size of the lot, N , to be “sentenced” (accept or reject). 

b) Stipulate the two specification limits (the “specs”), lower spec, L, and upper spec, U. 

c) Stipulate the AQL (Acceptable Quality Limit) for each spec, AQLL and AQLU  (percentage). 

d) Find the size, n, of the sample to be randomly drawn from the lot. 

e) Follow the decision procedure. 

In the above list, step ‘d)’ (finding the adequate sample size) is implemented by the sampling plan, given in a table in the 
standard as follows: 

a) Supply the lot size, N. 

b) Select the “sampling level”, which we admit Normal, in the present context. 

c) Obtain the sample size letter from ‘Table A-2’, in Fig. 2 (assuming the neutral “inspection level” IV). The letter (F) will 
become n = 10 in ‘Table B-3’, in Fig. 3. 

We illustrate the procedure with the example in (Schilling and Neubauer 2009), 2.nd ed. 288.th page), which reappears in 
(Schilling and Neubauer 2017), 3.rd ed. (p. 318), itself taken from the standard. For a lot of N = 100 (from the standard, ‘Table 
B-3’, in Fig. 3), it is n = 10 items, with values such as the following: 

 
4 Or “Information Science”, “Computer Science” (in the USA), etc.. 
5 No visible link: https://mosaic-modeling.de/?page id=5490 , accessed 2026-Feb-01. 
6 V. M. Ponce, OnlineCalc, San Diego State University, https://ponce.sdsu.edu/online calc.php, accessed 2026-Feb-01. 
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x = 643 651 619 627 668 670 673 642 638 650 

These values are supposed to be a sample of measured electrical resistance, in ohm, with stipulated specification limits of 
(650 ± 30) Ω and AQL’s 

L = 620, AQLL = 1%, U = 680, AQLU = 2.5% . 

The numerical procedure to take a decision (“sentence” the lot) is detailed in Table 1. A lot is accepted if (only if) the three 
criteria are Ac (“accept”); and a lot is rejected if any criterion is Re (“reject”). So, in this example, the lot would be rejected. 

Contrary to Form 1, which just concludes Ac or Re, Form 2 yields a real, more intuitive notion of how far (above or below, 
respectively) the inferred quality is from the limiting percent defective. (The words percent and defective are, respectively, an 
adjective and a noun, i.e., a substantive or nominalized adjective.) So, Form 2 is generally recommended for communication 
with the deciders. 

In this study, one of our main points is that ‘Table B-3’, in Fig. 3, is a mathematical transformation (and a simple one) from 
‘Table B-1’, in Fig. 4, as will be seen. 

 
Fig. 2. Table A-2 (MIL-STD-414), giving the sample size, n, from the lot size, N. 

 

B. Transformation of k into M 
Let us return to the example problem in Table 1 and take AQLU = 2.5%. In this case, for the said n = 10, Table B-1’ (in Fig. 4) 

gives k = 1.41. (In this article, we are not analyzing this table, also called “the k s-table”, so its underlying consumer and 
producer’s risks are assumed.) 

We now cite the books by (Sarkadi and Vincze 1974) and by (DeVor et al. 2007). The first book (415 pp), after 229 pages of 
mathematical theory, presents its Table 27 (pp 326–329), “Table for estimating the lot fraction defective” (from Table C-5 of 
MIL-STD-414)”. Thus, surprisingly: a heavily theoretical book reproduces a table from a standard where that table was 
calculated from theory;  and the discourse suddenly switches to the “range method”, the alternative measure of variability. 
(The expected table would be Table B-5, not C-5.) No mention was found there to the incomplete beta distribution. 

The second book (809 pp) just reads (p 392) that “the objective of acceptance sampling is to arrive at a decision of either 
accepting or rejecting a fixed and generally large lot of products in the basis of a small sample of observations of that lot”, so 
no mention to the sought underlying theory. 

Our last attempt was the fundamental book by (Duncan 1986), 1145 pp, certainly upstream from the two previously cited. 
Notice that Duncan co-authored another book in 1944 and probably made the original edition in 1952,  according to the vast 
Japanese international repository CiNii 7.  After describing Form 2 (which he also calls Procedure 2), the conversion of Q into 

 
7 CiNii Research, NII (National Institute of Informatics, Tokyo, Japan), Acheson Duncan (search “1952”), 

https://cir.nii.ac.jp/books?q=Acheson+Duncan, accessed 2026-02-28. 
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p̂  (our p) is passed to a “chart” (a nomogram), a crafty way of saving many pages in a table but mentioning nothing of the 
theory. We resort to our own longtime personal knowledge (Alves 1970), theoretically corroborated now by AI. 

 

 ; ,

1 1 ; 1; 1
2 2 1 2 2

M x a b

n n nk
n

  

 
       

 (1) 

where: B(x; a. b) is the cumulative incomplete beta function (cumulative beta probability function)  of equal parameters 
a and b;  n is the sample size;  and k is the acceptance constant for which M is the correspondent maximum allowable fraction 
defective. 

If we use Excel to calculate (1), we get 

 M = BETADIST(x, α, β, cumulative) = BETADIST(0.2522882, 4, 4, True) = 7.269% (2) 

which does reproduce the value of 7.27% in ‘Table B-3’ (Fig. 3) for the pair (n, AQL) = (10, 2.5%). 

If we use Python (Python.scipy.special.betainc, n.d.), 

import numpy as np 

import scipy.special as sc 

n = 10; k = 1.41 

x = 0.5 - 0.5 * k * np.sqrt(n) / (n - 1); a = 0.5 * n - 1 

print (’x, a,’, x, a) 

print (’M,’, sc.betainc(a, a, x)) 

we also get M, 0.072687. 

The above segment derogates the fact that a fundamental work, such as (Schilling and Neubauer 2009) (2.nd ed.) and 
(Schilling and Neubauer 2017) (idem, 3.rd ed.), spends, respectively, 12 pages (626.th–637.th 8) and 14 pages (pp 735–748) giving 
the “estimation of the lot percent defective” from values of QL or QU and sample sizes. These pages are necessarily limited to 
a range of quality indices, Q, and several sample sizes, n, whereas the simple formulas above might replace or complement 
those long tables (Lieberman and Resnikoff 1957). 

 
8 This numbering is from a ‘pdf’ reader, since in this case our copy (pdf) has no page numbers. 
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Fig. 3. Table B-3, giving M , maximum allowable percent defective.. 

Table 1: Decision procedure to accept (Ac) or reject (Re) 
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Fig. 4. Table B-1, giving k, acceptance constant. 

IV. RESULTS AND DISCUSSION 
We now present the web page where a user can test a sample, by automatically following the decision procedure defined 

in the standard, and verify some values of ‘Table B-3’ (as in Fig. 3) in order to discuss whether it is rendered superfluous, and 
more so the extensive, verbose ‘Table B-5’ (as in Fig. 5). 

 
(a) Table B-5 (title). 

 
(b) Table B.5 (continued), sector for 1.40 ≤ Q ≤ 1.49. 

 
(c) Table B-5 (continued), sector for 1.70 ≤ Q ≤ 1.79. 

Fig. 5. Table B-5 (10 pages, 628–637, parts), with 0 ≤ Q ≤ 3.90. 

 

A. Test your sample 
The adopted example, in III.A (Table 1), or others supplied by the interested reader can be run at the web page “Test your 

sample” in List 1, where web pages related to the subject are mentioned. Web page ’b)’ applies directly to this subsection, 
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List 1. Web pages for computations 

a) “Transforming Q into ω in AS by variables” 

→ http://web.tecnico.ulisboa.pt/ mcasquilho/compute/qc/Fx-ASvarQtoLotFD.php 

b) “Test your sample” 

→ http://web.tecnico.ulisboa.pt/mcasquilho/compute/icqem2026/accByVars/P.testsample.php 

 

The example in Table 1 embodies the default data in the web page, as depicted in Fig. 6. With these default values, the 
user just clicks the ‘Execute’ button to obtain the results in a new, temporary web page that reproduces all the computed 
results (equal to those already shown, omitted here for shortness) and shows a plot of the sample data, as shown in Fig. 7. In 
this particular case, it happens that one point, x3 = 619, lies below the lower spec, L = 620. This would be a defective if our AS 
were by attributes, but, strangely to the diffident layman, that criterion is extraneous to inspection by variables. 

 
Fig. 6. Web page to test a sample in AS by variables (Form 2). 

 
Fig. 7. Plot of the example sample, with given specification limits, L and U. 

B. Quasi-superfluous tables 
In the expression “quasi-superfluous tables”. we intermix two cases: tables that make sense for the easy use of a standard; 

and extensive tables that simple mathematical expressions can replace or, at least, accompany. 
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To illustrate the idea above, we recover the example given in Table 1. To confirm our objective about the nonnecessity of 
certain tables, either superfluous or quasi-superfluous, we will use ‘a)’ and ‘b)’ to obtain ‘c)’: 

a) k in ‘Table B-1’ (Fig. 4) 
b) Eq. (1) or, equivalently, (2) or the ‘scipy.special.betainc’ in the code in III.B 

c) M in ‘Table B-3’ (Fig. 3) 

Thus, from the example, let us take sample size letter F (n = 10) and AQL = 1%. It is k = 1.72 (if rounded from 1.715) from ‘Table 
B-1’ (Fig. 4). Using, e.g., Excel, as in (2), we get M = 3.261%, which rounds to 3.26%, reproducing the value in Table 3. For the 
other k = 1.41 (if rounded from 1.409), we get M = 7.285%, rounding to 7.29%, reproducing again the value in the table. Now, 
by using the conversion in the verbose ‘Table B-5’ (Fig. 5), we read, respectively, 3.21% and 7.27%, which (before rounding) 
coincide with the above. 

In sum, we did the verification as above for a region of the tables of the k values (Table B-1’, Fig. 4), and of the M values 
(Table B-3’, Fig. 3). The result is on Fig. 8. With one exception, n = 5, AQL = 1%, where the k corresponding to M does not round 
correctly (1.52 to replace 1.53), all the values of M are, indeed, the direct transformation we mentioned in (1) or (2), according 
to our affirmations in the article. 

 
Fig. 8. Verification of values of M from (original) k. 

 

V. CONCLUSIONS 
In this study in Quality, we addressed Acceptance Sampling (AS), the complement to Statistical Process Control, focusing 

on its component of AS “by variables” (vs. “by attributes”) in the case of double specification limits (lower and upper). 
We started by the basic operations in AS by variables as stated in the applicable international standards  and related the cases 
of single and double specification limits, the so-called Form 1 and Form 2, respectively, this latter being clearer and more 
intuitive, namely in the context of organizations’ management. 

We discussed the conversion of the acceptance constants, “k”, into the maximum allowable percent defective, “M”, which 
are associated to an extensive, verbose table (around 15 pages) in the applicable standard. We showed that at least this 
latter table is superfluous and its computation is direct and easy, a simple use of the incomplete beta distribution. Yet, 
surprisingly, the information about this function is silently absent in fundamental sources, while overloading these documents 
with many pages reducible to a mere mathematical expression. 

In the study, besides its content, its form is to be emphasized, both through the available web page and by the concomitant 
insertion of hyperlinks for the verification of our computations. In the technological publications, such links, again surprisingly 
not found, would permit the interested reader to verify and try with other data. This methodology makes the information more 
useful and scientifically trustworthy, and promotes mutual advantages for Academia and Industry. 
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Abstract—This study aims to analyze Industry 4.0 (I4.0) maturity models applied across different organizational contexts, focusing on 
identifying their key dimensions, benefits, and limitations. It seeks to understand how these models support companies in assessing and 
advancing their digital transformation processes. The theoretical foundation is based on concepts of digital transformation, organizational 
maturity, and technological innovation, linking the evolution of I4.0 to strategic management theories and capability development. The 
research adopts a Systematic Literature Review (SLR) to identify, evaluate, and synthesize existing studies on I4.0 maturity models. A total of 
sixteen relevant studies were analyzed, considering their evaluation criteria, structural dimensions, and practical applications. The findings 
reveal significant variation among the models in terms of structure, scope, and applicability. While they provide useful frameworks for 
assessing digital readiness, most models lack proper integration between technical, organizational, and human dimensions. The study 
highlights the need for more adaptable and empirically validated models that can be applied across diverse industrial contexts. From a 
theoretical perspective, it contributes by mapping existing models and identifying conceptual gaps. Practically, it supports managers in 
selecting models that better align with their organizational needs and promotes greater efficiency in digital transformation initiatives. Its 
originality lies in consolidating fragmented knowledge on I4.0 maturity models and offering a structured perspective that bridges theory and 
practical application.  

Keywords: Industry 4.0, Maturity Models, Dimensions, Systematic Literature Review 

I. INTRODUCTION 
Industry 4.0 (I4.0) represents a new phase of industrial transformation driven by digitalized processes, reconfigured 

business models, and intelligent technologies (Forschungsbeirat Industrie 4.0, 2025; Vaidya et al., 2018). It enables 
product customization, efficiency gains, competitiveness, and organizational resilience (Shabur, 2024). However, its 
implementation still faces challenges such as unclear economic returns, workforce skill gaps, technical and legal 
barriers, high costs, and limited resources (Alsheyadi, 2024; Moura et al., 2020). These obstacles affect organizations of 
all sizes, differing mainly in technological demands and workforce qualification (Pech and Vaněček, 2022). To address 
these issues, governments and private institutions have promoted strategies and policies to support I4.0 adoption due 
to its strategic importance (Ghobakhloo, 2020). I4.0 adoption varies significantly across countries according to 
technological, economic, social, and regulatory conditions, as well as challenges related to cybersecurity, 
interoperability, and workforce training (Ramos et al., 2023; Sadeghi-Niaraki, 2020). Consequently, several maturity 
models have been proposed to align organizational strategies with technological demands (Puchan et al., 2018), 
incorporating structural, technical, cultural, and behavioral dimensions (Bititci et al., 2015). Nevertheless, these models 
differ considerably in scope, detail, and sectoral applicability (Elibal and Özceylan, 2024). Previous studies also report 
limitations such as restricted validation beyond manufacturing (Castelo-Branco et al., 2022), insufficient consideration 
of interdependencies among dimensions (Mohanta and Mahanty, 2024), lack of multi-phase roadmaps, and limited 
empirical assessment (Wagire et al., 2021). Despite the growing literature, there remains a lack of comparative studies 
evaluating how maturity model dimensions, gaps, and benefits differ across sectors and regional contexts. This gap 
limits the selection and adaptation of suitable models for distinct organizational realities. Accordingly, this study 
investigates the following research question: Which dimensions, gaps, and benefits emerge in Industry 4.0 maturity 
models applied across sectors and regions? By addressing this question, the study aims to support more flexible and 
context-oriented applications, while strengthening theoretical understanding and practical decision-making. 

II. THEORETICAL FRAMEWORK 
Di Bona et al. (2021) highlight that I4.0 is transforming industrial maintenance through the integration of digital and 

intelligent resources, replacing traditional processes with more efficient and autonomous solutions. This shift is driven by 
enabling technologies that enhance automation, connectivity, and process integration, resulting in more flexible and 
intelligent production systems (Calabrese et al., 2022). Key technologies include the Internet of Things, big data, cloud 
computing, autonomous robotics, additive manufacturing, systems integration, simulation, augmented reality, and 
cybersecurity (Asadollahi-Yazdi et al., 2020; Gorkhali, 2022; Silva et al., 2024). However, adopting these technologies 
alone does not ensure successful implementation. I4.0 requires a broader transformation of value chains, increasing 
flexibility, efficiency, and mass customization (Balkan and Akyuz, 2023). In this context, organizations must assess their 
maturity and capacity to implement digital practices effectively. Maturity models serve as essential tools to diagnose 
current conditions and guide technological and organizational development (Ünlü et al., 2024). They help identify 
gaps, prioritize investments, and monitor digital transformation across different business contexts, including small and 
medium-sized enterprises (Häring, 2023). Thus, they support not only the assessment of technology adoption but also 
the structured development of digital capabilities (Alcácer et al., 2022; Colli et al., 2019; Schumacher et al., 2016). The 
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literature also distinguishes between readiness and maturity. Readiness refers to the initial capacity to begin digital 
transformation, while maturity reflects a more advanced stage in which technologies are fully integrated into 
organizational processes (Schumacher et al., 2016). This distinction is crucial for understanding the depth of 
transformation. Various maturity models have been proposed, ranging from specific to comprehensive approaches. 
Prim et al. (2022) presents a model with eight dimensions, including leadership, strategy, and knowledge sharing, 
allowing organizations to assess maturity on a scale of 1 to 5 and define target stages. More comprehensive models, 
such as Schumacher et al. (2016), are widely used to evaluate readiness by translating abstract concepts into 
measurable parameters (Ávila-Bohórquez and Gil-Herrera, 2022). Similarly, the IMPULS Industrie 4.0 Readiness model 
(Lichtblau et al., 2015) defines six dimensions and five maturity levels, supporting integrated assessment and decision-
making in digital transformation. 

III. METHOD 
This study conducts a systematic literature review (SLR), guided by the methodological stages of Denyer and 

Tranfield (2009) and structured according to the PRISMA protocol (Page et al., 2021). The steps comprise: (i) formulation 
of the research questions, (ii) identification of potentially relevant studies, (iii) screening and careful evaluation of the 
selected publications, (iv) analysis and synthesis of the findings, and (v) presentation and interpretation of the results. 
For the search and selection stage of the bibliographic material, the Scopus and Web of Science databases were 
chosen for their broad coverage of international journals and their frequent updates, making them reliable and 
relevant sources for academic research (Singh et al., 2021). Data collection was carried out in February 2025. For the 
definition of the search strategy, terms related to the central concepts of the investigation were selected, with 
emphasis on “Maturity Model” and “Industry 4.0” In the consulted databases, the descriptors were combined using 
Boolean operators (AND, OR) and proximity operators appropriate to each platform. 

In Scopus, the PRE/1 operator was applied to locate occurrences in which the terms “matur*” and “model*” appear 
one word apart, while in Web of Science, the NEAR/1 operator was used to identify records with the same terms in 
close proximity, regardless of order. Additionally, terms related to I4.0 were included in the title fields, such as: ("i4.0" 
"fourth AND industr* AND revolut*" AND "industr* 4.0"), with the aim of broadening the search scope and capturing 
different forms of reference to the topic, as detailed in Figure 1.  

 The next stage involved extracting the articles from the databases and importing them into Rayyan (Ouzzani et al., 
2016), a free web application used for reference management and to support study inclusion and exclusion decisions. 
Searches conducted in the Scopus and Web of Science databases identified 288 records. After removing 88 duplicate 
records, 200 studies remained for screening. During screening, 98 conference papers were excluded according to the 
predefined criteria, leaving 102 studies for eligibility assessment. The selection process followed three sequential filters. 
In the first filter, titles and abstracts were reviewed, excluding 39 studies that did not present maturity models, focused 
only on assessment processes, lacked case studies, relied exclusively on interviews, or corresponded to bibliometric, 
exploratory, or review studies. Thus, 63 studies remained. In the second filter, introductions and conclusions were 
analyzed to verify whether the studies developed and applied maturity models in real contexts rather than only 
discussing or reusing existing models. At the end of this stage, 34 studies met the selection criteria. Finally, full-text 
analyses were conducted, resulting in a final sample of 16 articles included in the qualitative synthesis. These studies 
provided the most relevant evidence regarding geographic contexts, analyzed dimensions, sectoral applications, and 
practical implementation of Industry 4.0 maturity models. The extracted data were systematically analyzed to address 
the research question and identify the main benefits, limitations, opportunities, and threats associated with applying 
Industry 4.0 maturity models. Based on these findings, a SWOT matrix was developed to consolidate the most recurrent 
internal and external factors affecting model implementation. 
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Fig. 1.  Literature search and filtering process. Adapted from the PRISMA protocol (Page et al., 2021) 
   

IV. RESULTS AND DISCUSSION 
This section presents the main results of the study, integrating the analysis of I4.0 maturity models with a discussion of 

their applications, limitations, and theoretical contributions. The findings are based on 16 selected articles that present 
dimensions, maturity levels, limitations, and benefits identified, collected, supporting critical analyses between the 
models. There is a strong representation of the automotive sector (25% of the articles), one of the sectors most impacted 
by I4.0. This is mainly due to the adoption of collaborative robots, automated control systems, and digital technologies, 
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enabling greater production flexibility, reduced logistics costs, and improved quality control (Rüßmann et al., 2015). 
These results suggest that I4.0 maturity models are more readily applicable to traditional industrial sectors, such as 
automotive, because of their higher levels of automation and digitalization. Consequently, they may serve as 
references for adaptation in less explored sectors (Galizia et al., 2023). Another 25% of the studies address diverse 
models applied in sectors such as plastics, metallurgy (Chonsawat and Sopadang, 2021), aerospace, textile, heavy 
industries (Sajjad et al., 2024), and services, commerce, and construction (Castelo Branco et al., 2022). These variations 
show that no single model fits all sectoral needs, reinforcing the need for continuous adaptation to different industrial 
contexts. Geographic patterns also influence the development and application of I4.0 maturity models. Asia leads with 
43.75% of publications, reflecting strong industrial policies and advanced technological infrastructure, consistent with 
Tripathi and Gupta’s (2021) identification of East Asia as a global reference. South America accounts for 25% of the 
studies, with Brazil particularly well represented, supported by national initiatives such as the More Production Plan (CNI, 
2024). Collaborative studies involving Asia and Europe contribute 12.5% of the publications, while Europe alone also 
represents 12.5%. The Asia-Pacific region accounts for 6.25%, indicating smaller yet context-specific contributions. 
Overall, these results emphasize that organizational and regional contexts shape methodological choices and 
influence which dimensions receive greater emphasis, highlighting the importance of flexible and context-sensitive 
models. In addition to regional differences, maturity model analysis depends on the dimensions used for assessment. 
These dimensions help identify strengths, weaknesses, and improvement priorities (Głuszek, 2018). Across the 16 studies, 
99 dimensions were identified, with 42 appearing only once and 57 recurring in multiple models. This dispersion reflects 
diverse theoretical approaches and limited standardization, while recurring dimensions indicate emerging areas of 
convergence. Figure 2 presents a Pareto chart illustrating the frequency and relative importance of these dimensions. 

 
Fig. 2. Pareto Analysis of the Main Dimensions. 

The application of Pareto analysis to the dimensions of the analyzed maturity models shows that a few categories 
concentrate most of the attention in the I4.0 literature. The dimensions “Product,” “Organisational Strategy,” “Smart 
Product,” “Smart Factory,” “Industry 4.0”, “Business,” “Employee,” “Technologies,” and “Managing Operations” 
together account for over 80% of the recorded occurrences. In contrast, the strong presence of the “Other dimensions” 
category indicates diverse approaches and a lack of consensus among models, highlighting limitations in 
standardization and the need for adaptation to organizational specificities. The Pareto analysis also shows that models 
are tailored to sector, size, and business context, reinforcing their dynamic and adaptable nature, while revealing 
difficulties in comparison and the importance of selecting dimensions aligned with each organization’s strategy. Table 
1 presents the most recurrent maturity dimensions, their definitions, and the respective authors identified in the analyzed 
sample. This structure facilitates comparison across approaches and highlights how each dimension relates to I4.0 
maturity in different organizational contexts. 
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TABLE I.  MAIN DIMENSIONS AND DEFINITIONS OF MATURITY MODELS 

Dimensions Concepts Authors 

Smart 
products 

These are sensors and intelligent devices equipped with connectivity, 
interconnected in networks that enable continuous communication and real-
time data exchange. 

Santos and Martinho (2020), Sajjad et al. 
(2024)  

Smart 
Factory 

It enables real-time communication among machines, products, people, and 
infrastructure, optimizing operations through mobile devices and flexible 
layouts. 

Alcácer et al., (2022), Vasconcellos et al. 
(2021) 

Organisation
al Strategy 

It refers to the organizational guidelines that support maturity and technological 
transformation, highlighting management's strategic role. 

Chonsawat and Sopadang (2021), Wagire 
et al. (2021) 

Product It involves customization and the integration of digital capabilities to enhance 
customer value and operational efficiency. 

Ávila-Bohórquez and Gil-Herrera (2022), 
Ramanathan and Samaranayake (2022), 
Hajoary, Amrita and Garza-Reyes (2024) 

Industry 4.0 It represents an integrated set of technologies, strategies, and digital 
competencies that drive business innovation and competitiveness. 

Dal Forno et al. (2023), Sajjad et al. (2024), 
Wagire et al. (2021) 

Business 
It involves business models, marketing, digital practices, and cloud computing 
to strengthen the organizational and technological foundation for digital 
transformation. 

Chonsawat and Sopadang (2021), Faisal et 
al. (2024) 

Employee 
It includes training and development to adapt workers to the technological 
environment, reinforcing the role of people in consolidating organizational 
maturity. 

Alcácer et al. (2022), Faisal et al. (2024) 

Technologies 
It covers the adoption and integration of technologies and information systems 
to support production operations. 

Chonsawat and Sopadang (2021), Dal 
Forno et al. (2023), Wankhede and Vinodh 
(2023) 

 
Smart Products, Product, and Technologies are the dimensions most directly linked to technological integration and 

the digitalization of production processes. They reflect the adoption of smart devices, interconnected systems, and 
digital solutions, enabling companies to assess automation, integration, and strategic alignment levels. These 
dimensions indicate not only technological adoption but also progress toward more efficient, agile, and data-driven 
operations aligned with I4.0 principles. The I4.0 and Smart Factory dimensions share similar concepts and play a 
structuring role by integrating advanced technologies, intelligent systems, and real-time connectivity. Together, they 
highlight companies’ potential to develop autonomous, adaptable, and data-driven production environments, 
fostering gains in efficiency, innovation, and competitiveness.  

Building on this foundation, the dimensions Organisational Strategy, Business, Employee, and Managing Operations 
extend the maturity perspective beyond operations. They are essential to organizational development, reflecting the 
ability to align strategies, business models, and practices with I4.0 requirements, while emphasizing the role of people. 
These elements support accurate diagnostics and the planning of actions aimed at continuous improvement, 
competitiveness, and efficiency. To analyze these dimensions in an integrated way, evaluative tools are essential. 
According to Benzaghta et al. (2021), SWOT analysis (Strengths, Weaknesses, Opportunities, and Threats) is a simple 
and widely used tool, particularly effective in the evaluation stage. It supports the identification of strengths, 
weaknesses, opportunities, and threats related to model implementation. Adapting the SWOT matrix to I4.0 maturity 
models enables a clearer distinction between internal (strengths and weaknesses) and external factors (opportunities 
and threats), improving analytical consistency (Table 2). 

TABLE II.  TERMS AND MEANINGS OF THE SWOT MATRIX IN THE CONTEXT OF THIS STUDY 

Terms Concepts 
Strength Benefits of the models for companies. 
Weakness Limitations and/or gaps that hinder the application of the models. 
Opportunity Chances to expand usage and generate new research. 
Threat Risks that compromise the adoption of the models. 

 
Figure 3 presents the most frequently cited benefits in the literature, classified as strengths in the SWOT analysis, and 

indicates their relative frequency. 
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Fig. 3. Main benefits of Industry 4.0 maturity models. 

As illustrated in Figure 3, the most frequently mentioned benefits are support for developing action plans and a 
comprehensive approach. Other relevant aspects include the integration of analytical techniques, self-assessment, 
and applicability in different contexts, especially in SMEs. These findings reinforce Schumacher et al. (2016) and Mittal 
et al. (2018), who argue that I4.0 maturity models should encompass organizational, strategic, and human dimensions 
rather than focusing only on technology. The predominance of benefits related to action planning and comprehensive 
assessment suggests that organizations increasingly seek integrated managerial tools to support digital transformation. 
Furthermore, the relevance of self-assessment mechanisms confirms the importance of organizational autonomy, 
particularly for SMEs with limited resources and technical support. The results also indicate that the most effective 
models integrate strategy, processes, culture, people, and technology, aligning with the systemic perspective of recent 
I4.0 literature. Figure 4 presents the main limitations of I4.0 maturity models, especially restricted scope, low 
generalizability, dependence on specialists, and the need for context-specific adjustments. These limitations 
corroborate previous studies criticizing the contextual dependence and operational complexity of maturity assessment 
frameworks, particularly in SMEs. Moreover, the absence of universally applicable frameworks highlights an important 
gap in the literature, suggesting that future models should prioritize flexibility, scalability, and ease of application. 

 
Fig. 4. Main limitations of Industry 4.0 maturity models. 

Despite their advantages, these models present limitations that affect their applicability. Restricted scope and low 
generalizability are among the most common challenges, as many models are developed for specific contexts and 
require adaptation for broader use. This finding suggests that I4.0 maturity assessment frameworks still lack sufficient 
flexibility for heterogeneous organizational realities. Accuracy is also affected by reliance on subjective data from self-
assessments and interviews, which introduces bias and reduces reliability. This result is consistent with previous studies 
criticizing the contextual dependence and operational complexity of maturity models, particularly in SMEs. Another 
challenge is the need to tailor models to each company’s context, considering differences in digitalization, 
infrastructure, and internal integration. Additionally, their high structural complexity, characterized by multiple variables 
and unclear criteria, makes them difficult for non-specialists to apply. Figure 5 highlights opportunities related to 
adaptability, benchmarking, continuous improvement, learning support, and roadmap development. This contributes 
to the literature by reinforcing the strategic potential of adaptable maturity models for technological advancement 
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and organizational learning. Moreover, these opportunities indicate that simplified and scalable frameworks may 
enhance practical implementation while supporting more effective digital transformation initiatives globally. 

 

 
 

Fig. 5. Main opportunities of Industry 4.0 maturity models. 

Maturity models offer strategic opportunities that enhance their relevance. Scalable platforms can be adapted 
across sectors, company sizes, and geographic contexts, making them suitable for diverse industrial processes. This 
finding suggests that flexibility is a central requirement for supporting digital transformation in heterogeneous 
organizational realities. In addition, these models enable benchmarking, allowing companies to compare 
performance, identify best practices, and develop tailored roadmaps for technological advancement. This result is 
consistent with previous I4.0 studies emphasizing the strategic role of maturity assessments in guiding investments and 
continuous improvement initiatives. Figure 6 presents the main threats to the adoption of maturity models, especially 
limited adoption, technological obsolescence, and inconsistencies in expert assessments. Other relevant barriers 
include insufficient knowledge of I4.0 concepts and resistance to organizational change. This contributes to the 
literature by demonstrating that simplified, adaptable, and scalable frameworks may increase reliability, facilitate 
implementation, and strengthen the practical contribution of maturity models to digital transformation processes. 
Furthermore, these opportunities indicate that organizations require accessible tools capable of supporting long-term 
strategic decision-making effectively. 

 
Fig. 6. Main threats of Industry 4.0 maturity models. 

The widespread adoption of maturity models faces barriers related to market diversity and organizational 
differences. Variations in digitalization levels, infrastructure, and integration between sectors hinder the application of 
standardized solutions. These results suggest that I4.0 maturity models still require greater flexibility to support 
heterogeneous industrial realities effectively. The lack of coordination across organizational processes and value chains 
also reduces implementation reliability. This result is consistent with previous studies emphasizing that technological 
transformation depends on organizational integration and leadership engagement. In addition, rapid technological 
evolution contributes to model obsolescence, requiring constant revisions to maintain relevance. Cultural resistance, 
limited knowledge of I4.0 concepts, and subjectivity in expert assessments further compromise diagnostic accuracy 
and decision-making processes. This contributes to the literature by demonstrating that the effectiveness of maturity 
models depends not only on technological dimensions, but also on continuous updating, technical training, and 
organizational readiness. Figure 7 synthesizes the most recurrent SWOT factors affecting model effectiveness across 
different industrial sectors and regional business environments worldwide. 
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Fig. 7. Synthesis of the SWOT analysis applied to the Industry 4.0 maturity model. 

The effectiveness of I4.0 maturity models depends on integrating technical, human, and organizational dimensions 
while establishing measurable indicators that support consistent assessments across sectors. Their main benefits include 
structured guidance for action planning, comprehensive evaluations combining qualitative and quantitative 
techniques, and the capacity to address multiple aspects of digital transformation. These results suggest that 
adaptable and multidimensional frameworks are essential for supporting organizational evolution toward I4.0. This result 
is consistent with previous studies emphasizing the strategic role of maturity models in benchmarking, continuous 
learning, and investment planning. Despite these advantages, limitations such as restricted scope, low generalizability, 
subjective assessments, and dependence on specialists reduce applicability and require contextual adaptation. 
External threats, including limited organizational understanding, resistance to adoption, and rapid technological 
evolution, further compromise implementation effectiveness. This contributes to the literature by demonstrating that 
continuous updating, technical training, and stronger organizational alignment are fundamental for maintaining 
reliable and effective maturity assessments across different industrial contexts. These measures may also improve long-
term digital transformation performance worldwide  

V. CONCLUSION 
Industry 4.0 (I4.0) has driven profound transformations in production processes and organizational management, 

requiring greater flexibility, technological integration, and innovation capacity. In this context, maturity models emerge 
as strategic tools to support the assessment and development of organizations toward industrial digitalization. A 
systematic literature review was conducted to analyze these models across different contexts, focusing on their 
applications, benefits, and limitations. The analysis, based on an adaptation of the SWOT matrix, shows that although 
the number of models is increasing, theoretical and methodological gaps still limit their applicability across diverse 
environments. The findings indicate that effective models must integrate technological, human, and organizational 
dimensions. They should also include clearly defined maturity levels, objective criteria, and measurable indicators to 
ensure consistent diagnoses. Flexibility and adaptability are essential, enabling models to keep pace with rapid 
industrial changes and to be applied across different sectors and company sizes. 

From a strategic perspective, these models should support decision-making, investment prioritization, and the 
development of organizational capabilities. However, key challenges remain, including data reliability, lack of 
standardization in evaluation criteria, and limited empirical validation of theoretical models. This study contributes by 
systematizing existing approaches and identifying research gaps in I4.0 maturity models. Nevertheless, some limitations 
must be acknowledged. The restricted number of analyzed publications may not capture the full diversity of models, 
and the focus on academic literature may exclude practical case studies. In addition, the predominance of models 
developed in specific sectoral and geographic contexts limits the generalization of the findings. Future research should 
expand the analysis to include multiple industries, countries, and comparative approaches. It is also recommended to 
explore readiness models and conduct empirical validations to assess their real impact on I4.0 implementation. Such 
efforts can strengthen the link between theory and practice, generate applicable knowledge, and support the 
continuous improvement of maturity models. Overall, maturity models are promising tools for guiding organizations in 
their transition to I4.0, provided they are continuously refined and validated. Future advances in this field are expected 
to contribute not only to theoretical development but also to practical solutions that enhance innovation, 
competitiveness, and sustainability in digital transformation. 

REFERENCES 
Abdullah, A., Saraswat, S. and Talib, F. (2025), "A maturity model for assessing industry 4.0 implementation using data envelopment 

analysis and best and worst method approaches", International Journal of Productivity and Performance Management, Vol. 74 
No. 5, pp. 1533-1563. https://doi.org/10.1108/IJPPM-12-2023-0668 

Alcácer, V., Rodrigues, J., Carvalho, H. and Cruz-Machado, V. (2022), “Industry 4.0 maturity follow-up inside an internal value chain: a 
case study”, The International Journal of Advanced Manufacturing Technology, Vol. 119, pp. 5035–5046, doi: 10.1007/s00170-
021-08476-3. 

Alsheyadi, A.K. (2024), "A literature review on industry 4.0 implementation and performance: a contingency perspective", The TQM 
Journal, Vol. 36 No. 7, pp. 2048-2070. https://doi.org/10.1108/TQM-03-2023-0073 



 

48 
 

Asadollahi-Yazdi, E., Couzon, P., Nguyen, N.Q., Ouazene, Y. and Yalaoui, F. (2020), "Industry 4.0: revolution or evolution?", American 
Journal of Operations Research, Vol. 10 No. 6, pp. 241-268. https://doi.org/10.4236/ajor.2020.106014 

Ávila-Bohórquez, J.H. and Gil-Herrera, R.J. (2022), “Proposal and validation of an Industry 4.0 maturity model for SMEs”, Journal of 
Industrial Engineering and Management, Vol. 15 No. 3, pp. 433–454, doi: 10.3926/jiem.3673. 

Balkan, D. and Akyuz, G.A. (2023), “Labour productivity analysis of manufacturing sector in Turkey against EU”, Journal of Business 
Economics and Management, Vol. 24 No. 2, pp. 245–273, doi: 10.3846/jbem.2023.19059. 

Bayrak, İ.T. and Cebi, F. (2024), “Procedure model for Industry 4.0 realization for operations improvement of manufacturing 
organizations”, IEEE Transactions on Engineering Management, Vol. 71, pp. 7901–7912, doi: 10.1109/TEM.2023.3292337. 

Beisekenov, I., Suleiman, Z., Tokbergenova, A., Shaikholla, S., Dikhanbayeva, D., El-Thalji, I., Emiris, D., and Turkyilmaz, A. (2022), "Maturity 
assessment of industry 4.0 implementation in Kazakhstani and Norwegian oil and gas contexts", Journal of Industrial Integration 
and Management, Vol. 7 No. 4, pp. 455-477. https://doi.org/10.1142/S2424862222500191 

Benzaghta, M.A., Elwalda, A., Mousa, M.M., Erkan, I. and Rahman, M. (2021), "SWOT analysis applications: an integrative literature 
review", Journal of Global Business Insights, Vol. 6 No. 1, pp. 55-73. https://doi.org/10.5038/2640-6489.6.1.1148 

Bititci, U.S., Garengo, P., Ateş, A. and Nudurupati, S.S. (2015), "Value of maturity models in performance measurement", International 
Journal of Production Research, Vol. 53 No. 10, pp. 3062-3085. https://doi.org/10.1080/00207543.2014.970709 

Calabrese, A., Dora, M., Levialdi Ghiron, N. and Tiburzi, L. (2022), "Industry’s 4.0 transformation process: how to start, where to aim, what 
to be aware of", Production Planning & Control, Vol. 33 No. 5, pp. 492-512. https://doi.org/10.1080/09537287.2020.1830315 

Castelo-Branco, I., Oliveira, T., Simões-Coelho, P., Portugal, J. and Filipe, I. (2022), "Measuring the fourth industrial revolution through the 
industry 4.0 lens: the relevance of resources, capabilities and the value chain", Computers in Industry, Vol. 138, Article 103633. 
https://www.sciencedirect.com/science/article/pii/S0166361522000343?via%3Dihub 

Chonsawat, N. and Sopadang, A. (2021), "Smart SMEs 4.0 maturity model to evaluate the readiness of SMEs implementing industry 
4.0", Chiang Mai University Journal of Natural Sciences, Vol. 20 No. 2, e2021027. https://doi.org/10.12982/CMUJNS.2021.027 

Colli, M., Berger, U., Bockholt, M., Madsen, O., Møller, C. and Wæhrens, B.V. (2019), "A maturity assessment approach for conceiving 
context-specific roadmaps in the industry 4.0 era", Annual Reviews in Control, Vol. 48, pp. 165-177. 
https://doi.org/10.1016/j.arcontrol.2019.06.001 

Confederação Nacional da Indústria (2024), Financing for New Industry Brazil (NIB): available financing lines, CNI, ISBN 978-85-7957-
271-5, available at: https://www.portaldaindustria.com.br/publicacoes/2024/11/nucleo-de-acesso-ao-credito-nac-
2533/#bndes-credito-digital%20 

Dal Forno, A.J., Bataglini, W.V., Steffens, F. and Souza, A.A.U. de (2023), "Maturity model tool to diagnose industry 4.0 in the clothing 
industry", Journal of Fashion Marketing and Management, Vol. 27 No. 2, pp. 201-219. https://doi.org/10.1108/JFMM-09-2021-0241 

Denyer, D. and Tranfield, D. (2009), "Producing a systematic review", in Buchanan, D.A. and Bryman, A. (Eds.), The Sage handbook of 
organizational research methods, Sage Publications Ltd., pp. 671-689. 

Di Bona, G., Cesarotti, V., Arcese, G. and Gallo, T. (2021), "Implementation of industry 4.0 technology: new opportunities and 
challenges for maintenance strategy", Procedia Computer Science, Vol. 180, pp. 424-429. 
https://doi.org/10.1016/j.procs.2021.01.258 

Elibal, K. and Özceylan, E. (2024), "An industry 4.0 maturity model proposal based on total quality management principles: an 
application to an automotive parts manufacturer", IEEE Transactions on Engineering Management, Vol. 71, pp. 10815-10832. 
https://doi.org/10.1109/TEM.2024.3397555 

Faisal, S.M.F., Banik, S.C. and Sen Gupta, P. (2024), "Development of a readiness model for industry 4.0 using analytical hierarchy 
process and fuzzy inference system: Bangladesh perspective", Heliyon, Vol. 10 No. 1, e23664. 
https://doi.org/10.1016/j.heliyon.2023.e23664 

Forschungsbeirat Industrie 4.0 (2025), Industrie 4.0 – Forschungs- und Entwicklungsperspektiven, available at: https://www.acatech.de 
Galizia, F.G., Bortolini, M. and Calabrese, F. (2023), "A cross-sectorial review of industrial best practices and case histories on industry 

4.0 technologies", Systems Engineering, Vol. 26, pp. 908-924. https://doi.org/10.1002/sys.21697 
Ghobakhloo, M. (2020), "Industry 4.0, digitization, and opportunities for sustainability", Journal of Cleaner Production, Vol. 252, Article 

119869. https://doi.org/10.1016/j.jclepro.2019.119869 
Głuszek, E. (2018), “Dimensions and stages of the CSR maturity”, Research Papers of Wrocław University of Economics, No. 520, pp. 

64–80, doi: 10.15611/pn.2018.520.06. 
Gorkhali, A. (2022), "Industry 4.0 and enabling technologies integration: framework and challenges", Journal of Industrial Integration 

and Management. https://doi.org/10.1142/S2424862222500075 
Hajoary, P.K., Amrita, M.A. and Garza-Reyes, J.A. (2024), "Industry 4.0 maturity assessment: a multi-dimensional indicator approach", 

International Journal of Productivity and Performance Management, Vol. 73 No. 4, pp. 981-1004. https://doi.org/10.1108/IJPPM-
07-2022-0325 

Häring, K., Pimentel, C. and Teixeira, L. (2023), "Industry 4.0 implementation in small- and medium-sized enterprises: recommendations 
extracted from a systematic literature review with a focus on maturity models", Logistics, Vol. 7 No. 4, p. 99. 
https://doi.org/10.3390/logistics7040099 

Lichtblau, K.; Stich, V.; Bertenrath, R.; Blum, M.; Bleider, M.; Millack, A.; Schmitt, K.; Schmitz, E.; Schröter, M. Industrie 4.0 Readiness. 
Aachen; Cologne: IMPULS-Stiftung / VDMA, 2015. https://impuls-stiftung.de/wp-content/uploads/2022/05/Industrie-4.0-
Readiness-english.pdf 

Mittal, S., Khan, M.A., Romero, D. and Wuest, T. (2018), "A critical review of smart manufacturing and industry 4.0 maturity models: 
implications for small and medium-sized enterprises (SMEs)", Journal of Manufacturing Systems, Vol. 49, pp. 194-214. 
https://doi.org/10.1016/j.jmsy.2018.10.005 

Mohanta, P. R., & Mahanty, B. (2024), "Assessing Industry 4.0 implementation maturity in manufacturing MSMEs – a graph theory and 
matrix-based approach", The TQM Journal. https://doi.org/10.1108/TQM-03-2024-0128 



 

49 
 

Moura, L.R. and Kohl, H. (2020), "Maturity assessment in Industry 4.0 – A comparative analysis of Brazilian and German companies", 
Emerging Science Journal, Vol. 4 No. 5, pp. 365-375. https://doi.org/10.28991/esj-2020-01237. 

Ouzzani, M., Hammady, H., Fedorowicz, Z. and Elmagarmid, A. (2016), "Rayyan: a web and mobile app for systematic reviews", 
Systematic Reviews, Vol. 5, Article 210. 

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, I., Hoffmann, T.C., Mulrow, C.D., Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., 
Chou, R., Glanville, J., Grimshaw, J.M., Hróbjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-Wilson, E., McDonald, S., McGuinness, 
L.A., Stewart, L.A., Thomas, J., Tricco, A.C., Welch, V.A., Whiting, P. and Moher, D. (2021), “The PRISMA 2020 statement: an 
updated guideline for reporting systematic reviews”, BMJ, Vol. 372, n71, doi: 10.1136/bmj.n71. 

Pech, M. and Vaněček, D. (2022), “Barriers of new technology introduction and disadvantages of Industry 4.0 for industrial enterprises”, 
Serbian Journal of Management, Vol. 17 No. 1, pp. 197–206, doi: 10.5937/sjm17-30453.  

Prim, M. F.; Gomes, J. d. O.; Kohl, H.; Orth, R.; Will, M.; Vargas, G. B. “Identifying the Dynamics of Intangible Resources for Industry 4.0 
Adoption Process.” IEEE Access, v. 10, p. 101029–101041, 2022. https://doi.org/10.1109/ACCESS.2022.3208250 

Puchan, J., Zeifang, A. and Leu, J.D. (2018), "Industry 4.0 in practice – identification of industry 4.0 success patterns", in Proceedings of 
the IEEE International Conference on Industrial Engineering and Engineering Management (IEEM), IEEE, pp. 1091-1095. 
https://doi.org/10.1109/IEEM.2018.8607745. 

Ramanathan, K. and Samaranayake, P. (2022), "Assessing Industry 4.0 readiness in manufacturing: a self-diagnostic framework and an 
illustrative case study", Journal of Manufacturing Technology Management, Vol. 33 No. 3, pp. 468-488. 
https://doi.org/10.1108/JMTM-09-2021-0339. 

Ramos, L.F.P., Loures, E.F.R., Deschamps, F., Venâncio, A.L.A.C. and Leal, G.S.S. (2023), "Assessment framework for Proof of Concept 
(PoC) in Industry 4.0 – an interoperability approach", International Journal of Computer Integrated Manufacturing, Vol. 36 No. 
10, pp. 1482-1506. https://doi.org/10.1080/0951192X.2023.2189310. 

Rüßmann, M., Lorenz, M., Gerbert, P., Waldner, M., Justus, J., Engel, P. and Harnisch, M. (2015), Industry 4.0: the future of productivity 
and growth in manufacturing industries, Boston Consulting Group. https://web-assets.bcg.com/img-
src/Industry_40_Future_of_Productivity_April_2015_tcm9-61694.pdf 

Sadeghi-Niaraki, A. (2020), "Industry 4.0 development multi-criteria assessment: an integrated fuzzy DEMATEL, ANP and VIKOR 
methodology", IEEE Access, Vol. 8, pp. 23689-23704. https://doi.org/10.1109/ACCESS.2020.2965979. 

Sajjad, A., Ahmad, W., Hussain, S., Chuddher, B.A., Sajid, M., Jahanjaib, M., Ali, M.K. and Jawad, M. (2024), "Assessment by lean 
modified manufacturing maturity model for Industry 4.0: a case study of Pakistan’s manufacturing sector", IEEE Transactions on 
Engineering Management, Vol. 71, pp. 6420-6434. https://doi.org/10.1109/TEM.2023.3259005. 

Santos, R. C. and Martinho, J. L. (2020), “An Industry 4.0 maturity model proposal”, Journal of Manufacturing Technology Management, 
Vol. 31 No. 5, pp. 1023-1043. https://doi.org/10.1108/JMTM-09-2018-0284. 

Schumacher, A., Erol, S. and Sihn, W. (2016), "A maturity model for assessing Industry 4.0 readiness and maturity of manufacturing 
enterprises", Procedia CIRP, Vol. 52, pp. 161-166. https://doi.org/10.1016/j.procir.2016.07.040. 

Shabur, M. A. (2024). “A comprehensive review on the impact of Industry 4.0 on the development of a sustainable environment”. 
Discover Sustainability, 5, 97. Springer. https://doi.org/10.1007/s43621-024-00290-7. 

Silva, V.L., Kovaleski, J.L., Pagani, R.N. and Gomes, M.A.S. (2024), "Technology transfer model oriented to industry 4.0: proposal and 
application in the food industry", Brazilian Journal of Operations and Production Management, Vol. 21 No. 2, e20241777. 
https://doi.org/10.14488/BJOPM.1777.2024. 

Singh, V.K., Singh, P., Karmakar, M., Leta, J. and Mayr, P. (2021), “The journal coverage of Web of Science, Scopus and Dimensions: a 
comparative analysis”, Scientometrics, Vol. 126, pp. 5113–5142. https://doi.org/10.1007/s11192-021-03948-5. 

Tripathi, S. and Gupta, M. (2021), "A holistic model for Global Industry 4.0 readiness assessment", Benchmarking: An International 
Journal, Vol. 28 No. 10, pp. 3006-3039. https://doi.org/10.1108/BIJ-07-2020-0354. 

Ünlü, H., Demirörs, O. and Garousi, V. (2023), "Readiness and maturity models for Industry 4.0: A systematic literature review", Journal of 
Software: Evolution and Process, e2641. https://doi.org/10.1002/smr.2641. 

Vaidya, S., Ambad, P. and Bhosle, S. (2018), "Industry 4.0 – A Glimpse", Procedia Manufacturing, Vol. 20, pp. 233-238. 
https://doi.org/10.1016/j.promfg.2018.02.034. 

Vasconcellos, L. H. R., Gobo Junior, P. and Rodrigues, F. (2021), “An Industry 4.0 Maturity Model Applied to the Automotive Supply 
Chain”, Revista Gestão & Tecnologia, v. 21, n. 4, p. 230–258. https://doi.org/10.20397/2177-6652/2021.v21i4.2189. 

Wagire, A.A., Joshi, R., Rathore, A.P.S. and Jain, R. (2021), “Development of maturity model for assessing the implementation of Industry 
4.0: learning from theory and practice”, Production Planning & Control, Vol. 32 No. 8, pp. 603–622, doi: 
10.1080/09537287.2020.1744763. 

Wankhede, V.A. and Vinodh, S. (2023), "Benchmarking Industry 4.0 readiness evaluation using fuzzy approaches", Benchmarking: An 
International Journal, Vol. 30 No. 1, pp. 281-306. https://doi.org/10.1108/BIJ-08-2021-0505 



 

50 
 

 

7th International Conference on Quality Engineering and Management 
2-3 July 2026, Universidade NOVA de Lisboa, Lisbon, Portugal 

Integrating Cost Management into Maturity Models for Public Healthcare Systems: A Framework of 
Dimensions and Competencies 

Tiago Rocha 1, Naja Santana 2 and Larissa Araújo 3 
1 Federal University of São Carlos – UFSCar (Brazil); tiagosoares@estudante.ufscar.br 

2 Federal University of São Carlos – UFSCar (Brazil); naja@ufscar.br 
3 Federal University of São Carlos – UFSCar (Brazil); laaraujo@ufscar.br 

 
Abstract— This study proposes a conceptual framework that integrates cost management into maturity models for public healthcare 

systems. Although maturity models are widely used in the healthcare sector to support process improvement and organizational 
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cost management perspective into maturity assessments. The findings contribute to the advancement of maturity models and offer practical 
implications for healthcare managers operating in resource-constrained environments. 
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I. INTRODUCTION 
Considering the Brazilian policy context, in which resources allocated to the healthcare sector are becoming increasingly 

scarce, the commitment of leaders - whether in public, private, or philanthropic institutions, across different levels of operation 
- to organizational management models, cost management, and their impacts on the feasibility of different work processes is 
crucial for the delivery of safe, efficient, effective, and economically sustainable healthcare services (Brancalion and Lima, 
2022). Currently, there is a shortage of financial resources in the hospital environment. The pursuit of management excellence 
is becoming increasingly prominent and growing (Ceretta et al., 2023). 

In this context, modern healthcare management and practice rely heavily on data and scientific evidence to ensure that 
hospital management is both scientific and refined (Jiang et al., 2022). As an alternative, Gomes et al. (2019) define the 
mapping and costing (budgeting) of internal investment projects as fundamental to service success and quality, since multiple 
steps must be undertaken before regular and centralized cost information in healthcare services can be obtained. 

Emerging in recent decades, New Public Management (NPM) represents a paradigm shift in public sector management. 
NPM advocates, among other practices, the adoption of managerial techniques from the private sector into the public sector, 
aiming to enhance efficiency and productivity, and, in some cases, to reduce the direct involvement of the state in activities 
previously under its responsibility. Supported by an optimistic discourse, governments across different regions of the world have 
sought to implement NPM principles in order to improve public sector performance (Blonski et al., 2017). 

One of the alternatives for innovating organizational management is the use of maturity models which, according to 
Shaygan and Daim (2019), are organizational management tools that have been developed and applied for decades as a 
means for organizations to respond to the constant pressure to achieve and sustain competitive advantage through 
simultaneous innovation, quality improvement, and cost reduction. Managers in the healthcare sector have not been an 
exception in reaping the benefits and addressing the weaknesses of strategies through the systematic quality improvement 
provided by maturity models. However, the existing studies identified for this sector still lack a specific focus on cost 
management or any other approach that explicitly addresses the effective and efficient management of financial resources. 

This study aims to address this gap by proposing a conceptual framework that integrates cost management into maturity 
models for public healthcare systems. Specifically, it identifies key dimensions and competencies that support the 
development of cost-related capabilities. The study contributes both theoretically and practically by enhancing the 
applicability of maturity models in resource-constrained environments. 

II. LITERATURE REVIEW 

A. Cost Management in Public Healthcare Systems 
The evolution of management accounting has enabled a shift from a traditional role focused on cost determination and 

financial control to a more sophisticated role centered on value creation for organizations. New techniques have been 
developed to support modern technologies and emerging management processes, aiming to achieve competitive 
advantage in response to the challenges of global competition (Abdel-Kader and Luther, 2008). 
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According to Rehman et al. (2021), cost management plays a crucial role in both strategic and operational decision-
making by providing insights into the profitability of products, services, and projects. Accurate cost information enables 
improved resource allocation, pricing strategies, and performance evaluation. Furthermore, understanding cost drivers 
supports the identification of opportunities for process improvement and cost reduction. In the healthcare context, for instance, 
cost management informs decisions related to resource allocation, treatment protocols, and investments in new technologies 
(Cortesi et al., 2015). Cardoso (2020) further argues that, in addition to being challenged by the uncertainty associated with 
healthcare demand and service outcomes, healthcare managers must also operate under constrained budgets and limited 
resources, while managing a large number of variables (e.g., scheduling, staffing, bed capacity, among others). As a result, 
healthcare managers are continuously evaluating the effectiveness of existing systems and exploring opportunities for 
improvement. 

Recent research in healthcare cost management highlights several relevant themes. These include the pursuit of more 
integrated and patient-centered care models aimed at reducing hospitalizations and improving health outcomes; the 
assessment of the impact of health policies on costs and quality of care, with studies evaluating the effectiveness of different 
interventions and the need for policy adjustments to optimize outcomes; the growing interest in digital health technologies 
and value-based payment models; and the need to develop quality and efficiency indicators to monitor intervention 
outcomes and support cost management strategies (Wilson et al., 2020). In addition, the management of chronic diseases—
representing a significant share of healthcare expenditures—has emerged as a key area of focus (Watson and Wilkinson, 2021). 

Regarding cost management in public systems, it is strongly influenced by the principles of New Public Management. 
Ditterich et al. (2012) emphasize that the pursuit of greater efficiency and cost reduction is one of its central objectives. Akbar 
et al. (2022) observe that governments have adopted enterprise resource planning (ERP) systems and business process 
management (BPM) systems as mechanisms to reduce costs and enhance productivity, in alignment with New Public 
Management principles. In this context, maturity models represent a viable approach for supporting such initiatives. According 
to Cleven et al. (2014), maturity models assist in assessing process management maturity across dimensions such as 
organizational culture, strategy, structures, practices, and information technology. Across multiple sectors—including 
healthcare management—these models support the identification of improvement opportunities in organizational processes. 

One of the tools to be introduced in this process of seeking greater operational efficiency is the use of maturity models. 
Their application in healthcare management, according to Gomes and Romão (2018), aims to optimize processes, improve 
service quality, and reduce costs. 

B. Maturity Models 
To explain the purpose of maturity models, Röglinger et al. (2012) state that a maturity model is a framework that provides 

organizations with a systematic approach to measure and assess their current level of capability and performance in each 
domain. Furthermore, maturity models are used to support the development of strategies aimed at progressing toward specific 
objectives. 

Regarding the development of maturity models, Santos et al. (2020) emphasize that their core lies in well-defined 
dimensions and competencies. Dimensions represent the main areas of focus, while competencies describe the specific 
capabilities required within each dimension to achieve a certain maturity level. The selection of dimensions and competencies 
is highly dependent on the specific context in which the model is applied. 

Maturity is commonly assessed across distinct stages and multiple dimensions. Most maturity models adopt a five-level 
structure, following the original concept proposed by Crosby (1984) and later popularized by the Capability Maturity Model 
for Software (CMM-SW) (Paulk et al., 1993). These approaches are based on the premise that improved processes lead to 
better outcomes; in other words, they assume that increasing maturity in project management results in more consistent 
performance and higher project success rates. Maturity models typically comprise a sequence of levels that define a logical 
progression from an initial state to a mature stage.  

A major challenge associated with these models is that, for certain domains in which organizations operate, ready-made 
maturity models are not available. As a result, it becomes necessary to conduct research and adapt maturity models from 
other domains, considering the most relevant variables to ensure that the results accurately reflect the organizational reality 
(Cleven et al., 2014). Additionally, Gomes and Romão (2018) argue that, although research efforts have increasingly focused 
on developing more rigorous approaches for maturity model design, there has been a general lack of attention to the effective 
implementation of these models in complex organizational environments, such as hospitals. 

 

III. METHODOLOGY 
This research adopts a qualitative and exploratory approach based on a structured literature review. The objective was to 

identify how cost management has been addressed in the context of maturity models and to derive relevant dimensions and 
competencies. 

The research process involved three main stages: (1) identification of relevant literature, (2) analysis and synthesis of key 
concepts, and (3) development of a conceptual framework. The analysis focused on identifying recurring themes and gaps 
related to cost management within maturity models. 

Based on this synthesis, a set of dimensions and competencies was developed. These elements form the basis of the 
proposed framework, which aims to integrate cost management into maturity assessments in public healthcare systems. 
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Among the main structural references, the study by De Bruin et al. (2005) stands out, as it presented consolidated 
methodological approaches for the development of Maturity Models and proposed a development framework applicable 
across multiple domains. The concepts and definitions explored, synthesized in the Literature Review of this study, were 
considered in the construction of the competencies and dimensions to be presented subsequently. 

 

IV. PROPOSED DIMENSIONS AND COMPETENCES 
The proposed framework is structured around four key dimensions, each associated with specific competencies that 

support cost management capabilities. 

A. Cost Planning and Strategy 
The Cost Planning and Strategy dimension addresses the existence of formal strategies for cost management, the alignment 

of these strategies with organizational objectives, and the use of planning tools to forecast and control costs. The definition of 
precise goals and indicators to assess performance is also encompassed within this dimension (Abdel-Kader and Luther, 2008). 
For this dimension, it is important to consider the following competencies: 

 Define cost reduction objectives aligned with the organizational strategy. 

 Develop detailed budgeting plans and control mechanisms. 

 Use break-even analysis tools and other cost forecasting techniques. 

B. Cost Management Process 
The Cost Management Processes dimension focuses on the formalization, standardization, and control of processes related 

to the identification, measurement, analysis, and interpretation of costs. It includes the adoption of costing methodologies 
such as full costing and Activity-Based Costing (ABC) to improve accuracy in cost allocation (Rehman et al., 2021). For this 
dimension, the following competencies are highlighted: 

 Formalize the managerial function and designate personnel responsible for cost management. 

 Implement accurate and comprehensive cost data collection and recording systems. 

 Apply costing methodologies appropriate to the complexity of services (e.g., ABC). 

 Establish processes for cost control across different areas of the organization. 

C. Technology and Information Systems for Cost Management 
The Technology and Information Systems for Cost Management dimension assesses the use of information systems and 

technologies to support the collection, analysis, and dissemination of cost information. This involves the ability of systems to 
integrate data, generate reports, and provide insights for decision-making. The overall digital maturity of the organization is 
also relevant (Santos et al., 2020). The competencies highlighted for this dimension are as follows: 

 Implement and integrate information systems to track and analyze costs. 

 Use data analytics and reporting tools to generate cost-related insights. 

 Ensure the quality and integrity of cost data. 

D. Culture and Training in Cost Management 
The Culture and Training in Cost Management dimension examines the awareness and engagement of healthcare and 

administrative professionals in cost management, as well as the existence of training programs and incentives aimed at 
promoting efficiency and resource optimization. The focus on effectiveness and efficacy in decision-making, along with the 
pursuit of a continuous improvement culture that can lead to cost optimization, is essential. Establishing an organizational 
culture that values cost management and investing in employee training programs are fundamental to ensuring the success 
of cost management initiatives (Gökalp and Martinez, 2022). 

The study by Vahedi et al. (2024) demonstrates that competent leadership has a positive and significant correlation with 
organizational culture, particularly in hospital settings, highlighting that the synergy between strong leadership and a robust 
organizational culture enhances the quality of healthcare services and improves operational outcomes, including financial 
and cost management. Leadership fosters a collaborative work environment and empowers professionals, facilitating the 
adoption of best practices and appropriate methodologies for hospital cost management. Regarding the competencies to 
be considered in this dimension, the following are presented: 

 Promote, through organizational leaders and responsible departments, awareness of the importance of cost 
management among employees, particularly in operations and cost management areas. 

 Provide, through leaders responsible for cost management, training and capacity building in cost management tools 
and techniques. 

 Encourage the identification of opportunities for efficiency improvement and waste reduction by leaders and all 
individuals involved in the processes. 
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E. Performance Analysis and Cost-Based Decision-Making 
Finally, the Performance Analysis and Cost-Based Decision-Making dimension assesses the organization’s ability to analyse 

cost data, compare performance against targets and benchmarks, and use this information to support more informed 
strategic and operational decisions. This includes the use of quality and efficiency indicators (Sepasgozar et al., 2022). For this 
dimension, the following competencies are considered: 

 Define and monitor cost performance indicators (Key Process Indicators – KPIs). 

 Conduct variance analyses and identify the causes of deviations from the budget. 

 Use cost information to assess the feasibility of new services and investments. 

 

V. DEVELOPMENT OF MATURITY LEVELS 
Some studies, such as De Bruin et al. (2005), provide guidelines for the development of maturity models, whether domain-

specific or more general in nature. However, in general, it is observed that there are no specific definitions or consensus, and 
the authors consistently emphasize the importance of drawing on multiple sources of evidence to define the steps and 
guidelines to be followed. 

The levels presented in Table I aim to assess the previously defined dimensions and were established based on the work of 
De Bruin, Freezeet al. (2005), which proposes an applicable development framework consistent with those found in other 
studies, such as Gomes and Romão (2018) and Cleven et al. (2014). 

TABLE I.  MATURITY MODEL LEVELS FOR COST MANAGEMENT IN HEALTHCARE SYSTEMS 

 Development of Levels 

Level 0 Basic process and documentation required for necessary analyses are not non-existent. 

Level 1: Initial 
Processes or actions are reactive and unstructured;  
Lack of formal processes;  
Documentation is basic and frequently inaccurate.  

Level 2: Developing 
Basic processes are established but remain inconsistent; 
Some specific practices exist but are applied irregularly; 
Documentation is generated regularly, but analysis is limited. 

Level 3: Defined 
Processes are well defined and clearly understood by stakeholders; 
Practices are reviewed and periodically adjusted; 
Documentation is regularly verified to identify areas for improvement. 

Level 4: Managed 
Processes are actively monitored and managed; 
Well-established indicators are in place for control and evaluation; 
Integration between decision-making processes and strategic planning is evident. 

Level 5: Optimized 
Processes are continuously improved based on data and advanced analytics; 
Indicators are systematically used for control, evaluation, and efficiency; 
Advanced tools and analytical techniques are employed for optimization. 

It is observed that the levels begin with the absence of processes, even basic ones, that could support the development 
of each identified dimension. As these processes evolve, the assigned level increases, with Level 5 (Optimized) representing 
the stage in which processes and data are used in the most efficient manner, being continuously improved and supported 
using advanced analytical techniques. 

 

VI. DEVELOPMENT OF COST MANAGEMENT DIMENSIONS ACROSS MATURITY LEVELS 
To achieve the objective of this study—namely, to develop a conceptual framework that integrates cost management 

into maturity models for public healthcare systems—reference studies were identified to support the definition of the 
conceptual foundations presented and the development of dimensions across maturity levels. One such study, Williams et al. 
(2019), presents the development of dimensions across maturity levels and serves as a reference for constructing the proposed 
model. The authors develop an action map demonstrating how the main involved areas evolve through their activities and 
objectives, providing a basis for defining maturity levels and classifying dimensions within these levels. 

For the development of competencies within each dimension across maturity levels, the structure initially proposed by Paulk 
et al. (1993), and widely adopted in models across different fields, was used as a reference. The structure is also grounded in 
Campos et al. (2024), who based their work on Gearin et al. (2013), which in turn is founded on the QI Roadmap (Roadmap 
to a Culture of Quality Improvement), a framework endorsed by the National Association of County and City Health Officials 
(NACCHO). This roadmap is recognized as an easily applicable model that can be disseminated across hospitals and 
associated with a structured approach for developing quality improvement strategies. The structure is also suitable for 
incorporating cost management concepts, thereby forming the foundation of the model proposed in this study. 

This development constitutes the main contribution of this study, as presented below according to each identified 
dimension, in Tables II, III, IV, V and VI. 

TABLE II.  DEVELOPMENT OF THE COST PLANNING AND STRATEGY DIMENSION ACROSS MATURITY LEVELS 
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Cost Planning and 
Strategy Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 

Define cost 
reduction 
objectives aligned 
with the 
organizational 
strategy. 

Cost reduction 
objectives are not 
defined. 

Cost reduction 
objectives exist 
but are not 
formalized. 

Cost reduction 
objectives are 
formalized, but there 
is no evidence that 
they are aligned 
with the 
organizational 
strategy. 

Cost reduction 
objectives are 
formalized, 
understood, 
and aligned 
with the 
organizational 
strategy. 

Cost reduction 
objectives are 
formalized and 
actively managed to 
ensure continuous 
alignment with the 
organizational 
strategy. 

Cost reduction 
objectives are 
continuously 
reviewed based on 
advanced analyses 
to support the 
organizational 
strategy. 

Develop detailed 
budgeting plans 
and control 
mechanisms. 

No budgeting 
plans exist. 

Budgeting 
plans are not 
detailed and 
do not include 
control 
mechanisms. 

Budgeting plans 
have the necessary 
level of detail but do 
not include control 
mechanisms. 

Budgeting plans 
are detailed, 
and control 
mechanisms are 
established. 

Detailed budgeting 
plans are monitored, 
controlled, and 
actively managed. 

Detailed budgeting 
plans are controlled, 
continuously 
managed, and 
reviewed based on 
advanced analyses 
and decision-support 
tools. 

Use break-even 
analysis tools and 
other forecasting 
techniques. 

No cost 
forecasting 
techniques are 
utilized. 

Cost 
forecasting is 
discussed, but 
no tools are 
utilized 

Limited use of 
forecasting 
techniques, which 
are generally not 
formalized or fully 
understood. 

Break-even 
analysis tools 
and other 
forecasting 
techniques are 
used for cost 
management. 

Break-even analysis 
tools and other 
forecasting 
techniques are 
formalized, well 
understood, and 
supported by clearly 
defined analysis 
procedures. 

Break-even analysis 
tools and other 
forecasting 
techniques are 
continuously 
managed and 
refined to enhance 
performance. 

TABLE III.  DEVELOPMENT OF THE COST MANAGEMENT PROCESSES DIMENSION ACROSS MATURITY LEVELS 

Cost 
Management 

Process 
Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 

Formalize the 
managerial 
function and 
designate 
personnel 
responsible for 
cost 
management. 

No costing 
methodologies 
are applied. 

There are 
individuals 
handling cost 
data 
operationally, 
but without 
generating 
outcomes for 
management. 

There are 
individuals 
responsible for cost 
management 
within other 
management 
areas of the 
organization. 

There is a 
dedicated cost 
management unit 
with personnel 
assigned to cost 
data collection 
and recording. 

There is a cost 
management unit 
with dedicated 
personnel, formalized 
processes, and cost 
data collection and 
reporting results 
communicated to 
top management. 

There is a cost 
management unit 
whose personnel 
actively participate in 
the organization’s 
strategic decision-
making, using 
generated cost 
information and 
analyses. 

Implement 
accurate and 
comprehensive 
cost data 
collection and 
recording systems. 

There are no 
processes for 
cost control in 
any area of 
the 
organization. 

The process of 
collecting and 
recording cost 
data is not 
formalized. 

The system for cost 
data collection 
and recording is 
formalized, but with 
limited scope and 
detail. 

The cost data 
collection and 
recording system 
has a scope and 
level of detail 
consistent with 
organizational 
processes. 

The cost data 
collection and 
recording system 
supports 
organizational 
processes and is 
actively managed. 

The cost data collection 
and recording system is 
actively managed, 
employing advanced 
techniques and 
continuous 
improvement practices. 

Apply costing 
methodologies 
appropriate to 
the complexity of 
services (e.g., 
Activity-Based 
Costing – ABC). 

There is no 
cost 
management 
function or 
personnel 
assigned to 
this role. 

The application 
of costing 
methodologies is 
informal and 
unstructured. 

The application of 
costing 
methodologies is 
structured; 
however, it does 
not fully address 
the complexity of 
services. 

The application of 
costing 
methodologies is 
appropriate to the 
complexity of 
services. 

The application of 
costing 
methodologies is 
aligned with the 
complexity of 
services, which are 
monitored using well-
established 
indicators. 

The application of 
costing methodologies 
fully addresses the 
complexity of services, 
ensuring control 
through well-
established indicators 
supported by 
advanced tools. 

Establish 
processes for cost 
control across 
different areas of 
the organization. 

There is no 
formalized 
system for cost 
data 
collection and 
recording. 

Cost control 
processes are 
defined, but not 
structured 
across all areas 
of the 
organization. 

Cost control 
processes are 
structured at a 
basic level across 
different areas of 
the organization. 

Cost control 
processes are 
structured and 
understood across 
different areas of 
the organization, 
but are not actively 
monitored. 

Cost control 
processes across 
organizational areas 
are actively 
monitored and 
integrated into the 
decision-making 
process. 

Cost control processes 
across different areas of 
the organization are 
continuously improved 
and make use of 
advanced techniques. 

TABLE IV.  DEVELOPMENT OF THETECHNOLOGY AND INFORMATION SYSTEMS FOR COST MANAGEMENT DIMENSION ACROSS MATURITY LEVELS 

Technology and 
Information Systems 

for Cost 
Management 

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 

Implement and 
integrate 
information systems 
to track and 
analyze costs. 

There are no 
information 
systems to 
track and 
analyze costs. 

Information 
systems are 
basic, 
inaccurate, 
and used 
infrequently. 

Information 
systems are used 
regularly; 
however, they 
generate basic 
and imprecise 
information. 

Information systems 
are understood by all 
stakeholders involved 
in the processes, 
ensuring integration. 

Information systems 
are actively 
managed, 
integrating 
processes, including 
alignment with 
strategic planning. 

Information systems 
ensure integration 
and are continuously 
updated and 
improved in their 
functionalities. 
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Use data analytics 
and reporting tools 
to enhance cost-
related insights. 

There are no 
data analytics 
or reporting 
tools providing 
cost-related 
information. 

Data analytics 
and cost 
reporting tools 
are rarely used 
and applied 
informally. 

Data analytics 
and cost reporting 
tools are basic 
and imprecise. 

Data analytics and 
cost reporting tools 
are defined and 
understood by 
stakeholders, 
providing useful 
information. 

Data analytics and 
cost reporting tools 
are actively 
managed and 
provide insights, 
resulting in well-
established 
information. 

Data analytics and 
cost reporting tools 
are continuously 
updated and 
improved, resulting in 
precise information. 

Ensure the quality 
and integrity of cost 
data. 

There is no 
assurance of 
the quality and 
integrity of cost 
data. 

The assurance 
of cost data 
quality and 
integrity is not 
formalized. 

Cost data quality 
and integrity are 
ensured through 
basic and 
inconsistent 
practices. 

The quality and 
integrity of cost data 
are ensured through 
practices that are 
understood and 
executed by those 
involved. 

The assurance of 
cost data quality 
and integrity is well 
established, 
formalized, and 
actively managed 
by a designated 
responsible party. 

The quality and 
integrity of cost data 
are ensured through 
consolidated 
practices that 
support continuous 
improvement. 

TABLE V.  DEVELOPMENT OF THE CULTURE AND TRAINING IN COST MANAGEMEN DIMENSION ACROSS MATURITY LEVELS 

Culture and Training in 
Cost Management Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 

Promote awareness, 
through organizational 
leaders and 
responsible 
departments, of the 
importance of cost 
management among 
personnel involved in 
operations. 

No promotion of 
awareness 
regarding the 
importance of 
cost 
management. 

Awareness of 
the importance 
of cost 
management is 
observed 
empirically. 

Awareness is 
promoted in 
alignment with 
organizational 
management. 

The importance of 
cost 
management is 
communicated to 
operational staff 
in a structured 
manner. 

Operational 
personnel are 
familiar with cost 
management 
processes and 
related established 
indicators. 

Operational personnel 
adopt processes and 
practices that 
contribute to improving 
cost management 
indicators and 
proactively propose 
advancements. 

Provide, through 
leaders responsible for 
cost management, 
training and capacity 
building in cost 
management tools 
and techniques for 
personnel involved in 
operations and cost 
management. 

No training or 
capacity 
building in cost 
management 
tools and 
techniques is 
provided.  

Training is 
offered for 
specific 
demands, in a 
non-systematic 
and non-goal-
oriented 
manner. 

Training is 
provided for 
broader 
demands, 
aligned with 
management 
objectives. 

There is a regular 
provision of 
training in cost 
management 
tools and 
techniques, 
supporting the 
design of 
processes and 
activities. 

Organizational 
management 
ensures training in 
cost management 
for operations and 
cost management 
areas, supporting 
continuous 
improvement 
initiatives. 

Training ensures that top 
management decisions 
are supported by high-
level analyses 
developed by 
personnel capable of 
driving innovation in 
operations and cost 
management 
processes. 

Encourage the 
identification of 
opportunities for 
efficiency 
improvement and 
waste reduction by 
leaders and all 
individuals involved 
in processes. 

No 
encouragement 
for identifying 
opportunities for 
efficiency 
improvement 
and waste 
reduction. 

Employees are 
encouraged to 
identify 
opportunities 
for efficiency 
improvement 
and waste 
reduction. 

Encouragement 
is fostered 
through training 
programs. 

There is a 
continuous 
process for 
identifying 
opportunities, with 
defined 
indicators. 

The use of advanced 
continuous 
improvement tools 
promotes efficiency 
gains and waste 
reduction, supported 
by well-established 
and actively 
monitored indicators. 

Identified opportunities 
are translated into 
action plans, and their 
impacts are measured 
and may be 
incentivized 
proportionally, 
contributing to the 
organization’s strategic 
objectives. 

TABLE VI.  DEVELOPMENT OF THE PERFORMANCE ANALYSIS AND COST-BASED DECISION-MAKING DIMENSION ACROSS MATURITY LEVELS 

Performance 
Analysis and 
Cost-Based 
Decision-
Making 

Level 0 Level 1 Level 2 Level 3 Level 4 Level 5 

Define and 
Monitor Cost 
Performance 
Indicators (KPIs) 

No cost 
performance 
indicators 
(KPIs) are 
defined. 

Cost performance 
indicators (KPIs) are 
defined without 
alignment with the 
management 
process. 

Cost KPIs are 
simplistically 
formulated and used 
only within the 
respective functional 
department. 

Cost indicators 
are established in 
coordination with 
organizational 
management 
and are formally 
monitored. 

Cost indicators are 
formally monitored and 
continuously improved 
based on operational 
enhancements.  

Cost performance 
indicators (KPIs) are 
more sophisticated 
and integrated with 
other managerial 
indicators, serving 
as key support for 
decision-making. 

Perform 
Variance 
Analysis and 
Identify the 
Causes of 
Budget 
Deviations 

No variance 
analysis is 
conducted 
to identify the 
causes of 
budget 
deviations. 

Budget analysis is 
performed only during 
closing and planning 
periods by responsible 
personnel, preventing 
timely identification of 
deviations. 

Periodic monitoring 
of budget deviations 
is conducted by the 
responsible 
department, which 
performs reactive 
variance analysis. 

Budget 
deviations are 
promptly 
identified by the 
responsible 
department, 
enabling 
technical 
variance analysis. 

Budget execution is 
monitored according to 
management-defined 
intervals, ensuring that 
any variance is identified 
and promptly analyzed, 
including the 
involvement of top 
management, thereby 
improving understanding 
of deviation causes. 

Budget execution is 
monitored in real 
time by 
management, 
enabling early 
detection of 
variance trends 
and the 
implementation of 
action plans to 
enhance system 
efficiency and 
mitigate known 
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causes of 
deviations. 

Use Cost 
Information to 
Evaluate the 
Feasibility of 
New Services 
and 
Investments 

Cost 
information is 
not used to 
evaluate the 
feasibility of 
new services 
and 
investments. 

Feasibility assessments 
rely on generalized 
cost estimates and 
imprecise data. 

Feasibility analysis is 
based on cost data 
formally established 
by the cost 
management 
function. 

Forecasting 
techniques, 
supported by 
well-managed 
cost information 
repositories, are 
used to assess 
the feasibility of 
new services and 
investments. 

Cost information, 
supported by well-
established 
performance indicators, 
is used for strategic 
decision-making and 
feasibility analysis of new 
services and 
investments. 

Cost information is 
combined with 
advanced foresight 
techniques to 
anticipate future 
scenarios and 
trends in new 
services and 
investments. 

 

VII. DISCUSSION 

 
Based on the previous sections, the evolution of the dimensions across maturity levels can be established. It is important to 

emphasize that, after classifying the system under analysis at a given current level, the target level of evolution (i.e., the level 
to be achieved) should be defined according to the organization’s capabilities and needs. 

Although Level 5 is generally regarded as the most advanced stage, representing the highest level of process efficiency, 
this does not necessarily imply that organizations should aim to achieve it. For instance, if the resources required to reach Level 
5 are not expected to yield proportional benefits, the organization may instead define Level 3 or Level 4 as its target. Similarly, 
in cases of low organizational complexity, the adoption of advanced techniques or tools for cost measurement and analysis 
may not be justified, making a maturity level below Level 5 more appropriate. 

Additionally, a gradual evolution strategy may be adopted, planned in accordance with the current resource availability 
of each organization. The maturity evolution process itself may require progressive development of resources of different 
natures (e.g., capital, human resources, equipment, and information systems), such that a previously defined future state 
becomes the current state, enabling further advancement to be planned. 

It is also important to highlight that, to effectively designate the framework developed in this section as a “Maturity Model,” 
a validation process is required. This process will rely on structured assessment instruments, potentially derived from the 
references adopted as the foundation of this study. 

 

VIII. CONCLUSION 
Considering the complexity of the healthcare sector and the need for its management to be both scientific and refined, 

and considering maturity models as an effective tool for this purpose, it was identified that existing studies do not specifically 
address cost and financial resource management. In this context, the present study aimed to propose a conceptual 
framework that integrates cost management into maturity models for public healthcare systems. 

The literature review conducted in this study provided a synthesis of the works used as a foundation for the definitions and 
concepts that supported the identification of dimensions and maturity levels. Emphasis is given to studies focused on the 
development of maturity models, which served as key references guiding the approach adopted by the authors. 

In integrating Cost Management into the concept of Maturity Models for Public Healthcare Systems, the competencies 
defined within each dimension were structured across maturity levels, indicating how they can be classified and how they 
may evolve throughout these levels. This development represents the main contribution of the study, aiming to improve 
processes related to Cost Management in healthcare systems. Therefore, the proposed objective is considered to have been 
achieved. 

This research expands the scope of Cost Management studies by emphasizing its interface with Operations Management, 
incorporating maturity model developments as a relevant managerial tool. Thus, the study contributes to both Cost 
Management and Operations Management fields, reinforcing the importance of this interdisciplinary perspective. 

Through the framework proposed in this paper, it is expected to contribute to the development of public policies in 
healthcare system management, aiming to increase productivity while ensuring the required level of efficiency. 

As highlighted in the references adopted in this study, the validation process is an essential step for consolidating the 
proposed framework as a Maturity Model for Cost Management in Public Healthcare Systems, and it is therefore identified as 
the main direction for future research. Once validated and consolidated, the model may also be adapted for application in 
private sector organizations. In this regard, New Public Management principles provide relevant guidelines transferable from 
the private to the public sector, such as management professionalization, workforce training, user satisfaction, and 
organizational learning—representing one avenue for further investigation. 

Another possible extension, to be explored after the consolidation of the model, is its application in other sectors, given the 
importance of cost management across different types of organizations, whether public or private. 

Regarding the limitations of this study, the lack of prior research specifically addressing cost management within maturity 
models is highlighted. While this gap provided an opportunity for the development of this research, it also limited the availability 
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of references aligned with the specificity of the proposed model. Future studies, with sufficient time for validation and 
application in the target organizations, may further consolidate the model, thereby enhancing its contribution to the literature.  
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Abstract — The rise of remote work has driven the expansion of coworking spaces as a hybrid alternative between the 
traditional office and the home office. The study analyzes the quality dimensions associated with coworking spaces in the context 
of remote workers, operationalizing criteria such as technological infrastructure, comfort, ergonomics, conditions for 
concentration, community, security, accessibility, and cost-effectiveness, based on the dimensions perceived by users, namely: 
connectivity, physical comfort, noise levels, availability of facilities, cleanliness, accessibility, and support services. This study aims 
to develop a quality assessment model for coworking spaces for remote work, using Lisbon and Porto as empirical study sites to 
operationalize quality dimensions, analyzing their characteristics, types, and geographical distribution, as well as the perceived 
quality in the context of remote work. As a result, the article presents (i) an updated overview of the coworking ecosystem in the 
cities of Porto and Lisbon, (ii) an analysis of the dimensions of coworking space quality in the context of remote work, and (iii) a 
quality assessment model applicable to decision-making by remote professionals. The study discusses the role of coworking in 
reshaping contemporary work practices, contributing to a better understanding of urban and labor dynamics in Portugal.  

Keywords – Coworking, Remote work, Dimensions of quality, Quality of services. 

I. INTRODUCTION 
Over the past decade, we have witnessed the emergence, expansion, and global spread of coworking 

spaces—shared workspaces where knowledge workers, working independently, come together to produce and 
exchange knowledge, while maintaining an individual approach within a collective context. This phenomenon 
accompanies broader transformations in the organization and distribution of work (Spinuzzi et al., 2019). 
There has been a continuous growth in the number of independent professionals, freelancers, and remote workers; at 
the same time, the supply of shared and collaborative work environments, known as coworking spaces, has 
expanded rapidly (Clifton et al., 2022). 

Coworking will be analyzed as an emerging urban social practice, associated with new ways of organizing 
work and fostering cooperation among freelancers and independent professionals. As flexible environments with 
relatively affordable costs and a strong community focus, these spaces foster encounters, interactions, and enriching 
exchanges among different communities, work cultures, and forms of knowledge. In this sense, they can be 
understood as a new form of urban social infrastructure, capable of fostering connections and collaborations among 
diverse people, ideas, and contexts (St George, 2015). 

It has been found that freelancers tend to thrive in coworking spaces, as they find greater meaning in their 
work, enjoy more autonomy, and experience a sense of belonging to a community. On the other hand, they analyze 
the potential of these spaces for large organizations, concluding that they can stimulate the generation of new 
ideas, contribute to reducing facility costs, and increase employee satisfaction (Howell, 2022). 

In this regard, Lisbon and Porto have been establishing themselves as key hubs in the digital and innovation 
ecosystem, in line with broader trends observed in European cities. The literature highlights that the urban 
concentration of talent, collaboration networks, and digital infrastructure plays a central role in promoting innovation 
(OECD, 2023). At the same time, institutional initiatives at the European level have bolstered the development of 
startup ecosystems and digital hubs (European Commission, 2020). In this context, cities with strong connectivity and 
international appeal tend to establish themselves as centers of innovation and technological entrepreneurship 
(Startup Genome, 2023). 

However, this study expands our current understanding of coworking spaces in the context of remote work, 
helping to identify gaps in the literature, particularly regarding the spatial dimension of coworking spaces and the 
user experience in a remote work setting. By focusing on the cities of Lisbon and Porto, the study offers a 
contextualized and comparative perspective, thereby making a significant contribution to the understanding of 
contemporary work dynamics. Thus, the study seeks to answer the following research questions: (i) Which quality 
dimensions are most relevant for coworking spaces geared towards remote work? (ii) How can these dimensions be 
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operationalized in an evaluation framework? (iii) To what extent do the coworking spaces identified in Lisbon and 
Porto show different quality configurations?  

In summary, this article seeks to contribute to a more holistic and in-depth analysis of how coworking spaces 
influence the quality of remote work—specifically in terms of productivity, well-being, and professional networking—
thereby highlighting their emerging role in the new geographies of work. To this end, the research conducted a 
systematic literature review on coworking spaces in the cities of Porto and Lisbon in the context of remote work, with 
the aim of mapping coworking spaces in these cities and analyzing the dimensions of perceived quality in the 
context of remote work. Accordingly, the article is structured as follows: (1) Introduction; (2) Conceptual background 
of the study; (3) Data and Methods; (4) Discussion and Results; (5) Conclusion; and (6) References. 

II. CONCEPTUAL BACKGROUND OF THE STUDY 

A. Coworking: definitions, typologies, and value proposition 
Coworking refers to a shared work arrangement in which individuals from different professional backgrounds—

often independent professionals, freelancers, entrepreneurs, or remote workers—use the same workspace without 
necessarily working for the same organization or project. Beyond sharing physical infrastructure and resources, 
coworkers typically pay a membership fee to access an environment that promotes flexibility, interaction, networking, 
and a sense of community and social belonging (Garrett, L. E., 2017; Spinuzzi, Clay, C, 2012). 

Following the 2007–2008 financial crisis and the ensuing global recession, there was a rapid expansion of 
collaborative and shared workspaces, known as coworking, in various cities around the world. The term coworking 
describes the practice of working collectively in flexible environments, where workstations can be rented on a daily, 
weekly, or monthly basis (St George, 2015). 

The first coworking spaces, in their contemporary form, emerged between 2005 and 2006, although open and 
collaborative work environments with similar characteristics had existed since the early 1990s, albeit without that 
specific designation. Initially, these spaces were set up as shared offices intended for professionals who did not need 
a fixed workplace, such as freelancers and remote workers, who sought to integrate into collaborative environments 
(Howell, 2022; Orel & Bennis, 2021; Spinuzzi et al., 2019). 

The number of coworking spaces worldwide has grown significantly, rising from around 600 locations in 2010 to 
approximately 15,500 in 2017 (Spinuzzi et al., 2019). The coworking phenomenon experienced rapid growth, reaching 
approximately 2,498 spaces by mid-2013, after posting an annual growth rate of nearly 100% between 2007 and 2012 
(Bruno Moriset, 2013).  

 The concept of coworking encompasses a diverse audience, ranging from independent professionals to remote 
workers integrated into corporate structures. Individuals share collaborative environments based on the principle of 
“working alone, but together.” In this study, the term “coworkers” is adopted as a unifying category for all users of 
these spaces, without ignoring the heterogeneity of their motivations and profiles (Clifton et al., 2022; Spinuzzi, 2019). 
 The coworking business model is largely based on a rental brokerage model. Companies in this sector enter 
into long-term contracts with property owners, reconfigure the spaces by incorporating common areas, social zones, 
and community-oriented services, and subsequently make these spaces available to users under more flexible terms, 
such as monthly contracts, typically at higher prices. The main users include entrepreneurs, freelancers, remote 
workers, and other independent professionals who, in many cases, lack the resources to maintain their own office. 
Beyond providing physical infrastructure, coworking fosters a social and collaborative environment, bringing together 
professionals who, although working on different projects, share the same space and benefit from interactions and 
synergies. In this way, coworking represents an innovation in both organizational structure and business model, 
offering unique solutions that emerge from the concentration of professionals in a single environment (Howell, 2022).  
 Coworking spaces differ according to user profiles, forms of interaction, available infrastructure, and 
community orientation. Factors such as collaboration, networking, technological resources, workspace design, 
flexibility, location, and shared values shape different coworking models and influence whether spaces prioritize 
collaboration, entrepreneurial support, creativity, or innovation (Bouncken, 2018). 
 According to Orel & Bennis (2021), a taxonomy of contemporary coworking spaces was proposed, classifying 
them based on essential conditions and distinguishing the original model—here referred to as coworking spaces 
geared toward individual purposes—from three alternative typologies that reflect different dimensions of this 
phenomenon, namely: spaces geared toward creation, group work, and startups. 
 Coworking spaces focused on individuals align with the model’s original concept, catering to individual users 
rather than teams. In these settings, geographical and professional autonomy play a central role, and it is also 
common to foster interactions and a sense of community among members. In turn, spaces geared toward creativity 
share similarities with the former in terms of valuing the community and the individual, but differ in the type of activities 
carried out, which are generally more specialized and often associated with creative practices or hobbies, with 
professional autonomy not being the predominant element. Group-oriented spaces, on the other hand, tend to 
serve organized teams, including corporate structures, prioritizing separate areas or offices over shared open spaces. 
Nevertheless, they maintain the principle of fostering connections between individuals and organizations, offering 
physical and social conditions that encourage such interactions. Finally, coworking spaces geared toward startups 
have the primary purpose of supporting the development and success of new businesses. In these environments, 
networking and collaboration among organizations are essential, particularly for pooling resources and expertise. 
Access to these spaces is often temporary and based on selection criteria, although other models may incorporate 
startup support components without time limits or formal evaluation processes (Orel & Bennis, 2021). 
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B.  Quality dimensions in coworking spaces and remote work 
A relevant perspective for understanding quality in coworking environments derives from studies on Quality of 

Working Life (QWL) and workplace wellbeing. Ciccarelli (2023), in a systematic review of coworking literature, argues 
that coworking spaces can function as quasi-organizations by reproducing elements traditionally associated with 
employers, including physical infrastructure, social support, work routines, learning opportunities, and community 
integration. The author highlights that coworking environments affect workers’ wellbeing through material, 
technological, and social conditions that shape the quality of work experiences, particularly for freelancers and 
remote workers. Dimensions such as ergonomic conditions, work-life balance, access to infrastructure, social 
interaction, opportunities for collaboration, flexibility, and perceived support emerge as recurring determinants of 
workplace quality. 

From a workplace assessment perspective, Riratanaphong (2021) demonstrates that user satisfaction in coworking 
spaces is influenced by a combination of physical work environment characteristics and support services. Based on 
empirical evidence from coworking spaces in Bangkok, the study identifies relevant quality-related factors including 
indoor environmental quality (lighting, acoustics, temperature, and air quality), workspace arrangement, furniture, IT 
infrastructure, supporting facilities, and operational services such as security and cleaning. The findings reinforce the 
importance of both functional and experiential dimensions in shaping coworking quality and user satisfaction. 

III. METHODS 
This study employs a qualitative, empirical, and exploratory-descriptive methodology with the aim of 

developing a quality assessment model for coworking spaces for remote work, using Lisbon and Porto as empirical 
study sites to operationalize quality dimensions. The choice of a qualitative methodology is justified by the need to 
conduct an in-depth analysis of the spatial, functional, and social dynamics associated with these work 
environments. The study seeks to answer the following research questions: (i) Which quality dimensions are most 
relevant for coworking spaces geared towards remote work? (ii) How can these dimensions be operationalized in an 
evaluation framework? (iii) To what extent do the coworking spaces identified in Lisbon and Porto show different 
quality configurations?  

 This study focuses on the development of a quality assessment model for coworking spaces for remote work. 
The methodology was structured in three main stages: The research combines a literature-based conceptual phase 
with an empirical comparative analysis of coworking spaces located in Lisbon and Porto. 

The methodological process was organized into three sequential phases: (1) conceptual identification of quality 
dimensions; (2) empirical mapping and characterization of coworking spaces: evidence from Lisbon and Porto; and 
(3) framework development and comparative analysis. 

. 

A. Data collection 
Data collection focuses on mapping coworking spaces in the cities of Lisbon and Porto, considering the municipal 

boundaries of both cities as a territorial unit. This delimitation allows for a comparable and consistent analysis, focused 
on central urban areas where the concentration of coworking spaces is most significant. Data collection was based 
on multiple secondary sources, with the aim of ensuring the comprehensiveness and reliability of the data. The main 
sources used include: 

 Platforms and directories specializing in coworking: Workin.space (https://workin.space/); Regus 
(https://www.regus.com/pt), Coworker (https://www.coworker.com/), Nomad List (https://nomads.com/),  
Coworkbooking (https://www.coworkbooking.com/), Google maps Coworking Lisbon 
(https://maps.app.goo.gl/bYqtLE1EtUpXPLXMA) and Google maps Coworking Porto 
(https://maps.app.goo.gl/tvG1Cwpv3PkACdL27) 

 Google Maps, for geographic identification and location validation  
 Official websites of coworking spaces  
 Social media (e.g., Instagram, LinkedIn), to verify recent activity  
 Review platforms (e.g., user reviews), to gather qualitative insights 
The use of multiple sources allowed for data triangulation and greater robustness in the construction of the 

database. For each identified space, the following variables were recorded: Name of the space; Address and urban 
area; Type of space (open space, private office, hybrid); Hours of operation; Reference prices (when available); 
Infrastructure and amenities (internet, meeting rooms, common areas, etc.); Links (website, social media); User 
reviews and ratings. This set of variables allowed for a detailed and comparable characterization of the analyzed 
spaces. The list of coworking spaces in the cities of Lisbon and Porto is available in Appendices 1 and 2, used for 
empirical screening and validation of analytical dimensions. 

B. Quality dimensions of coworking spaces in remote work: evidence from Lisbon and Porto 
1) Mapping Coworking Spaces in Lisbon: evidence for quality dimensions 
The city of Lisbon represents a particularly relevant empirical setting for examining the quality dimensions of 

coworking spaces in the context of remote work due to its consolidated ecosystem, high concentration of 
international professionals, and strong integration with digital entrepreneurship and innovation networks. The Lisbon 
case was used as empirical evidence to identify how quality-related attributes are manifested in different coworking 
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configurations. Through an exploratory screening based on multiple secondary sources, including specialized 
coworking platforms, official websites, Google Maps, social media, and user review platforms, coworking spaces 
were identified and analyzed according to predefined quality criteria. A total of 122 coworking spaces were 
identified within Lisbon’s municipal boundaries, enabling a heterogeneous empirical base for analytical comparison. 

The analysis focused on observable indicators associated with the proposed quality dimensions of coworking 
spaces for remote work. First, digital infrastructure was assessed through the identification of connectivity-related 
features, including Wi-Fi availability, dedicated internet services, phone booths, meeting rooms for virtual 
communication, and technological support resources. Second, comfort and ergonomics were examined based on 
workspace organization, lighting conditions, ventilation, furniture quality, acoustic comfort, and cleanliness, as 
described in publicly available information and user reviews. 

Third, focus conditions were evaluated through indicators associated with quiet environments, availability of private 
or semi-private work areas, occupancy organization, and the existence of spaces designed to reduce interruptions 
during focused work activities. Fourth, collaboration and community dimensions were analyzed through the presence 
of networking initiatives, events, collaborative activities, and references to community engagement promoted by 
coworking operators. 

Additional dimensions were operationalized through documentary evidence. Services and operations included 
reception services, technical support, kitchens, cafés, lockers, meeting facilities, and common areas designed to 
support daily work routines. Security and privacy were assessed through references to controlled access, private 
offices, secure internet access, and designated areas for confidential meetings or calls. Flexibility was examined 
through the diversity of plans available, such as daily, monthly, or 24/7 access options, reflecting the adaptive needs 
of remote professionals. Accessibility and mobility were considered through spatial location, proximity to transport 
systems, bike parking, and accessibility features. Finally, value and transparency were examined based on publicly 
available information concerning pricing structures, included services, and perceived cost-benefit relationships. 
 

2) Mapping Coworking Spaces in Porto: evidence for quality dimensions 
The city of Porto provides a complementary empirical setting for examining the quality dimensions of coworking 

spaces in the context of remote work, due to its emerging ecosystem, creative orientation, and strong local identity. 
Rather than merely identifying coworking spaces, Porto was analyzed to observe how quality dimensions are 
configured in a smaller-scale yet diversified coworking ecosystem. Following the same documentary procedures 
applied in Lisbon—including specialized coworking platforms, official websites, Google Maps, social media, and user 
reviews—47 coworking spaces were identified within Porto’s municipal boundaries, providing a heterogeneous 
empirical basis for analysis. 

The analysis focused on observable indicators associated with quality dimensions relevant to remote work. Digital 
infrastructure was assessed through internet reliability, Wi-Fi availability, meeting rooms, videoconferencing facilities, 
and technological resources supporting professional activities. Comfort and ergonomics were examined through 
workspace organization, furniture, lighting, thermal comfort, cleanliness, and acoustic conditions, while focus 
conditions considered quiet environments, private offices, and layouts designed to support concentration and 
reduce interruptions. 

Collaboration and community emerged as particularly relevant dimensions in Porto, where coworking spaces 
frequently emphasized local identity, networking opportunities, creative activities, and community-oriented initiatives. 
Additional dimensions were operationalized through documentary analysis, including services and operations 
(meeting facilities, kitchens, cafés, lockers, and support amenities), security and privacy (access control and 
confidential workspaces), flexibility (daily, monthly, and 24/7 access models), accessibility and mobility (proximity to 
transport and central areas), and value and transparency, particularly reflected in affordable pricing structures and 
flexible entry options for remote workers. 

 

C. Comparative framework 
The comparative table was developed to examine how the quality dimensions of coworking spaces are 

configured in Lisbon and Porto, in the context of remote work, as shown in Table 1. Instead of focusing on the number 
of spaces or their geographical concentration, the analysis compares how coworking environments respond to the 
needs of remote professionals by operationalizing nine quality dimensions: (1) digital infrastructure, (2) comfort and 
ergonomics, (3) concentration conditions, (4) collaboration and community, (5) services and operations, (6) security 
and privacy, (7) flexibility, (8) accessibility and mobility, and (9) value and transparency. 

Documentary evidence suggests that coworking spaces in both cities generally provide adequate technological 
infrastructure, operational support, and flexible access models. However, relevant differences emerge in the 
configuration of quality dimensions. Lisbon coworking spaces tend to emphasize structured work environments, 
stronger technological infrastructure, professional layouts, and diversified service offerings, reflecting the demands of 
a more internationalized and mature ecosystem. Porto coworking spaces, in contrast, more frequently combine 
functional infrastructure with informal, creative, and community-oriented environments, emphasizing collaboration, 
accessibility, and affordability. 

Differences are also visible in focus conditions and community dynamics. Lisbon coworking spaces often prioritize 
acoustic comfort, private areas, and professional networking opportunities, whereas Porto spaces tend to promote 
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informal interaction, local identity, and collaborative environments. Regarding value and transparency, Lisbon 
coworking spaces generally offer broader service portfolios at higher price levels, while Porto spaces present lower 
entry barriers and more accessible pricing structures. 

Overall, the comparative framework highlights that coworking quality is shaped by distinct urban and 
organizational configurations. While Lisbon demonstrates a more structured and service-intensive model, Porto 
reflects a more flexible and community-oriented approach. These differences reinforce the importance of a 
multidimensional framework for evaluating coworking quality in the context of remote work. 

TABLE I.  COMPARATIVE QUALITY DIMENSIONS OF COWORKING SPACES IN LISBON AND PORTO 

Quality Dimension Main theoretical foundation Lisbon Porto 

Digital infrastructure  

Riratanaphong (2021); Ciccarelli 
(2023) 

Strong emphasis on structured 
technological resources, 
videoconferencing rooms, phone 
booths, and professional 
connectivity 

Adequate technological 
infrastructure, with flexible and 
multifunctional solutions for 
independent workers and small 
teams 

Comfort and 
ergonomics 

Riratanaphong (2021); Ciccarelli 
(2023) 

Professional layouts, ergonomic 
furniture, acoustic insulation, and 
highly structured work environments 

Comfortable and functional 
environments, often combining 
professional infrastructure with 
creative and informal settings 

Focus conditions 
Riratanaphong (2021); Ciccarelli 
(2023) 

Greater emphasis on quiet zones, 
private offices, and environments 
designed for concentration 

More hybrid environments 
balancing focused work with 
informal interaction 

Collaboration and 
community 

Ciccarelli (2023); Spinuzzi et al. 
(2019); Howell (2022) 

Networking oriented toward startups, 
international professionals, and 
business ecosystems 

Stronger emphasis on local 
identity, informal interaction, 
creativity, and community 
engagement 

Services and 
operation 

Riratanaphong (2021); Howell (2022) Diversified and formalized service 
offerings, including meeting rooms, 
reception, support services, and 
premium amenities 

Functional operational support 
with emphasis on practical 
services and collaborative 
environments 

Security and privacy 
Riratanaphong (2021) Greater presence of controlled 

access, private offices, and 
confidential workspaces 

Secure environments with privacy 
mechanisms, although generally 
less corporate-oriented 

Flexibility 
Ciccarelli (2023); Orel & Bennis (2021) Flexible access models combined 

with diversified workspace 
configurations and premium services 

Flexible plans, lower entry barriers, 
and adaptable access models 
for freelancers and small teams 

Accessibility and 
mobility 

Riratanaphong (2021); St George 
(2015) 

Strong integration with business 
districts, transport hubs, and 
innovation ecosystems 

Integration with central 
neighborhoods, walkable areas, 
and creative districts 

Value and 
transparency 

Howell (2022); Ciccarelli (2023) Broader service portfolio associated 
with higher price levels 

More affordable pricing structures 
with satisfactory infrastructure 
and operational support 

IV. DISCUSSION AND RESULTS 

A. Dimensions of quality in coworking for remote work 
Building upon these contributions, this study conceptualizes coworking quality as a multidimensional construct 

particularly relevant in remote work settings, where coworking spaces substitute or complement traditional offices 
and home environments. Accordingly, nine analytical dimensions were operationalized: (1) digital infrastructure, 
reflecting technological readiness and connectivity conditions; (2) comfort and ergonomics, associated with 
workspace functionality and environmental comfort; (3) focus conditions, related to concentration and interruption 
management; (4) collaboration and community, concerning social interaction and networking opportunities; (5) 
services and operations, referring to operational support and workplace amenities; (6) security and privacy, 
involving access control and confidential work conditions; (7) flexibility, associated with adaptable access and 
workspace configurations; (8) accessibility and mobility, referring to spatial integration and transport access; and (9) 
value and transparency, reflecting the perceived relationship between costs, services, and workplace benefits. 
Rather than emerging independently from the empirical cases, these dimensions were derived from previous 
literature on quality of working life, workplace wellbeing, coworking satisfaction, and physical work environments, 
and subsequently adapted to the specific requirements of remote work in coworking settings. This theoretical 
grounding supports the operationalization of quality dimensions employed in the comparative analysis of Lisbon and 
Porto. The proposed dimensions can be assessed using a 1–5 Likert scale for each quality dimension, allowing for a 
comparative analysis across different spaces, as shown in Table 2. 

TABLE II.  PROPOSED QUALITY MODEL (EVALUATION GRID) 

Quality Dimension Description 

Digital infrastructure 

This dimension refers to the availability and reliability of technological resources essential for remote work. It 
includes the quality and redundancy of the Wi-Fi network, access to Ethernet cable, connection stability, 
suitable rooms for video calls, and the availability of soundproof booths. These elements are fundamental to 
ensuring operational continuity and avoiding interruptions in remote work. 

Comfort and 
ergonomics 

This dimension assesses the physical conditions of the workspace, including the quality of chairs and desks, 
natural and artificial lighting, temperature control, ventilation, and noise levels. Spaces with good ergonomic 
conditions tend to promote greater well-being and reduce physical fatigue during long periods of work. 
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Quality Dimension Description 

Focus conditions 
This dimension analyzes the existence of environments conducive to concentration, such as quiet zones, 
individual booths, rules for phone calls, and occupancy density. These factors are particularly relevant for remote 
workers who require extended periods of concentration. 

Collaboration and 
community 

This dimension considers the social role of coworking, including the organization of events, networking 
opportunities, collaborative culture, and onboarding processes for new members. These elements contribute to 
reducing the isolation associated with remote work and promoting social capital. 

Services and 
operation 

This dimension includes services that support daily operations, such as reception, cleaning, technical support, 
lockers, kitchen, café, and common areas. The availability of these services improves the user experience and 
reduces operational friction. 

Security and privacy 
This dimension assesses access control mechanisms, physical security, data protection, and the existence of 
private spaces for confidential calls or meetings. These aspects are particularly relevant for professionals who 
handle sensitive information. 

Flexibility 
This dimension refers to the diversity of plans available, including daily passes, part-time, 24/7 access, and ease 
of upgrading or downgrading between different options. Flexibility is a key factor for remote workers with varying 
needs. 

Accessibility and 
mobility 

This dimension considers the location of spaces, proximity to public transport, bicycle parking, universal 
accessibility, and ease of movement. These factors directly influence the attractiveness of spaces. 

Value and 
transparency 

This dimension assesses the clarity of the pricing structure, additional costs, included services, and perceived 
value for money. Price transparency is especially important for freelancers and independent professionals. 

 
The proposed model has implications for various stakeholders. For users, it serves as a decision-support 

framework, allowing them to compare coworking spaces based on their specific needs. For operators, the model 
identifies priorities for improvement and opportunities for competitive differentiation. For cities, the development of 
high-quality coworking spaces contributes to attracting talent, promoting remote work, and strengthening urban 
innovation ecosystems. Price transparency and plan diversification are also key factors in attracting different user 
profiles. 

V. CONCLUSION 
This study contributes to the understanding of coworking spaces in the context of remote work by proposing 

and operationalizing a multidimensional quality assessment framework grounded in the literature on quality of 
working life, workplace wellbeing, and coworking user satisfaction. Rather than focusing solely on the identification of 
coworking spaces, the study examined how quality-related attributes are configured and manifested in different 
coworking environments, using Lisbon and Porto as empirical settings for comparative analysis. The findings 
demonstrate that coworking quality should be understood as a multidimensional construct encompassing digital 
infrastructure, comfort and ergonomics, focus conditions, collaboration and community, services and operations, 
security and privacy, flexibility, accessibility and mobility, and value and transparency. Together, these dimensions 
provide a structured basis for evaluating coworking spaces as environments capable of supporting productivity, 
wellbeing, concentration, and social interaction in remote work settings. The comparative analysis suggests that 
Lisbon and Porto present distinct configurations of coworking quality. Lisbon is characterized by more structured and 
service-intensive environments, stronger technological infrastructure, and a more internationalized ecosystem, 
whereas Porto demonstrates more community-oriented, accessible, and flexible coworking configurations, frequently 
associated with creative and collaborative environments. These findings reinforce the importance of contextual and 
multidimensional approaches when evaluating coworking quality in different urban settings.. From a practical 
perspective, the proposed framework may support remote professionals in selecting coworking spaces according to 
their specific work needs, while also providing coworking operators with guidance for service improvement and 
differentiation. The study presents some limitations, particularly the reliance on documentary and publicly available 
data, the dynamic nature of coworking ecosystems, and the absence of direct user-based empirical validation. 
Future research may expand the proposed framework through surveys, interviews, and longitudinal studies examining 
the relationship between coworking quality dimensions and indicators such as user satisfaction, wellbeing, 
productivity, retention, and professional collaboration. Comparative studies involving other Portuguese and 
European cities may also contribute to refining and validating the proposed model. 
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APPENDIX I. LIST OF COWORKING SPACES IN THE CITY OF LISBON 

Name of the 
coworking 

space 

Address Type (open 
space, private 
office, hybrid) 

Opening 
hours 

Reference 
prices 

Infrastructure and amenities (Products and 
Services) 

Links (website, social 
networks) 

User reviews and ratings Google 
Rating 
(1 to 5) 

Impact Hub 
Lisbon - Baixa 
 

Tv. das Pedras Negras 1 
1º Esquerdo, 1100-404 
Lisboa 

Private office 09:00–18:00 
 

167€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Heating, Kitchen, Pet-
friendly, Personal Lockers, Catering Kitchen, Free 
Coffee, Free Drinking Water, Free Tea, Free Wine. 

https://lisbon.impacthu
b.net/ 

Pleasant atmosphere, well located 
(city center), modern equipment, 
friendly staff, clean and organized 
environment. 

5 stars 
 

Venture X 
Portugal 

Av. da Liberdade 224 
2nd Floor, 1250-147 
Lisboa 

Private office 09:00–18:00 
 

150€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking, Plug in for Electric Cars.  

https://venturex.pt/ Strategically located, this space 
offers a professional and modern 
environment, with private offices 
and fully equipped meeting rooms. 
The common areas are very 
comfortable, with soundproof 
booths. 

5 stars 
 

Coworking 
Business 
Networking 
Lounge 

R. Mário Gomes 
Páscoa 8C, 1600-824 
Lisboa 

Private office 08:00–20:00 150€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking, Plug In for Electric Cars.  

http://bn-lounge.com/  The internet is super-fast, the kitchen 
is equipped, the location is good, 
and the environment is very quiet. 
It's excellent for meetings with 
business partners or clients. 
 

5 stars 
 

Impact Hub 
Lisbon - 
Penha 

R. Neves Ferreira 13, 
1170-273 Lisboa 

Private office 09:00–18:00 
 

225€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking, Plug in for Electric Cars.  

https://lisbon.impacthu
b.net/  

Super welcoming space, very 
friendly people, well-lit and with 
great facilities. Very bright space, 
tranquil atmosphere, ergonomic 
chairs. 
 

5 stars 
 

Quarto Andar 
- Coworking 

R. Padre Luís Aparício 9 
4º Direito, 1150-248 
Lisboa 

Private office 09:30–18:00 
 

125€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking, Plug In for Electric Cars.  

https://quartoandar.sp
ace/  

The space is very clean, organized, 
and well-equipped. The 
workstations are spacious and have 
excellent quality chairs. A 
welcoming environment. 
Comfortable chairs. The office 
space has everything you need. 

5 stars 
 

Eureka 
Coworking - 
Lisboa 

Palácio Rosa, R. Seara 
Nova 5, 1250-002 Lisboa 

Private office 09:00–18:00 
 

140€ / month Wheelchair accessible entrance. LGBTQ+ 
friendly. Safe space for transgender people. On-
site parking. 

http://eurekacoworking
.com/   

Very attentive team and great 
facilities. Excellent quality standard. 
Very quiet and clean workspace. 
Great coworking space! Very cozy. 

5 stars 
 

Avila Spaces - 
Parque das 
Nações 

Av. Dom João II 52 Piso 
0, 1990-096 Lisboa 

Private office 08:00–19:00 220€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking 

http://www.avilaspace
s.com/  

Very welcoming space, excellent 
workspace, very well located in 
Parque das Nações. The facilities 
are modern, well-maintained and 
very functional, with very 
comfortable phone booths. 
Beautiful decor. 

5 stars 
 

Office 
Evolution 

Edifício, R. Soeiro 
Pereira Gomes 8 andar 
11, 1600-024 Lisboa 

Private office 08:30–17:30 240€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking, Gym, Massages, Yoga 

https://officeevolution.
pt/locations/portugal/li
sbon/entrecampos/?ut
m_source=google&utm
_medium=organic&utm
_campaign=gbp_listing  

The design is bright and well-
planned, with plenty of natural light, 
striking a good balance between 
professionalism and informality. The 
location is super convenient, well-
organized, and easy to use. 
 

5 stars 
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Name of the 
coworking 

space 

Address Type (open 
space, private 
office, hybrid) 

Opening 
hours 

Reference 
prices 

Infrastructure and amenities (Products and 
Services) 

Links (website, social 
networks) 

User reviews and ratings Google 
Rating 
(1 to 5) 

Studio 

Lisbon-
Cowork 

Rua da Bela Vista à 
Graça 27A, 1170-058 
Lisboa 

Private office Open 24 
hours 

130€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking 

https://lisbon-
cowork.com/  

The place is amazing, it has a very 
well-organized structure, open 
spaces with cozy and relaxed 
decor, and a deck with a 
breathtaking view of the Tagus 
River. The chairs and tables are very 
comfortable. 

4,9 stars 
 

Avila Spaces 

Av. da República 6 1º 
esq, 1050-191 Lisboa 

Private office 09:00–19:00 150€ / month 24 Access, Parking, Printing, Kitchen.  http://www.avilaspace
s.com/  

A very pleasant, calm environment, 
ideal for working. A combination of 
modernity, elegance, convenience, 
and dynamism. The outdoor patio is 
perfect for meals and recharging. 

4,9 stars 
 

Kube 
Coworking | 
Lisboa 

R. do Centro Cultural 
27A, 1700-106 Lisboa 

Private office 08:30–19:30 225€ / month Outdoor spaces, Cultural Club: Our coworking 
café, Community events, Pet-friendly 

https://kubecoworking.
pt/  

A welcoming, professional 
environment, ideal for working with 
focus and motivation, calm and 
inspiring, which facilitates 
concentration and enhances 
productivity. The space is spacious, 
well-lit and very well organized. 

4,9 stars 
 

Heden Rossio 

Largo do Duque de 
Cadaval 17 Fracção I, 
1200-160 Lisboa 

Private office 09:00–18:00 225€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Heating, Kitchen, Pet-
friendly, Personal Lockers, Catering Kitchen, Free 
Coffee, Free Drinking Water, Free Tea, Free Wine. 

https://heden.co/cowo
rking-rossio/  

Bright, comfortable space with 
excellent working conditions. 
Pleasant and clean environment. It 
has a fantastic interior design and is 
in a prime location, well connected 
by public transport. 

4,6 stars 
 

IDEA Spaces - 
Saldanha 

Av. Defensores de 
Chaves 4, 1000-117 
Lisboa 

Private office 09:00–18:00 42€ / month 
(Virtual 
offices) 

Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage, 
Parking, Bike Parking, Swimming Pool 

https://ideaspaces.pt/  Excellent service, super cool work 
environment, with rooms for all 
profiles, professionals and different 
types of business. Beautiful, clean, 
super functional place, good rooms 
and a small cinema room that is 
amazing. 

4,5 stars 
 

IDEA Spaces - 
Parque das 
Nações 

Av. Dom João II 13, 
1990-077 Lisboa 

Private office 09:00–18:00 140€ / month Wi-Fi, Standing Desks, Printing, 24 Access, Phone 
Booth, Lounge Area, Air Conditioning, Heating, 
Kitchen, Outdoor Terrace, Wheelchair 
Accessibility, Personal Lockers, Catering Kitchen, 
Event Space for Rent, Free Coffee, Free Drinking 
Water, Free Snacks, Free Tea, Parking/Storage 
Parking, Bike Parking 

https://www.ideaspace
s.pt/  

Very well-equipped space: lounge, 
phone booths, meeting rooms, 
secure Wi-Fi. Excellent location and 
working conditions. Space with 
good infrastructure that provides a 
range of essential services. 

4,7 stars 
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APPENDIX II. LIST OF COWORKING SPACES IN THE CITY OF PORTO 

Name of the 
coworking 

space 

Address Type (open 
space, private 
office, hybrid) 

Opening 
hours 

Reference 
prices 

Infrastructure and amenities (Products and 
Services) 

Links (website, social 
networks) 

User reviews and ratings Google 
Rating 
(1 to 5) 

Bōn 
Coworking 
 

R. Joaquim António de 
Aguiar 150, 4300-465 
Porto 

Private office 08:00–18:00 
 

69€ / month 24/7 access. Dogs allowed. Public transport 
nearby. Wheelchair accessible. Shared 
accommodation on site. English-speaking staff. 
Copying machine. Ergonomic chairs, Printer, 
Scanner, Quiet area, Kitchen, Free coffee/tea, 
Refrigerator, Microwave. 

https://www.boncowor
king.com/  

Amazing, cozy, and well-equipped 
space. The space is very well 
maintained, clean, and has a great 
energy for working. The internet is 
fast, and the environment is quiet. 

5 stars 
 

Synergy Hub - 
Coworking, 
Eventos 
Corporativos, 
Estúdio de 
Vídeo 
 

Av. de Fernão de 
Magalhães 613, 4350-
154 Porto 

Hybrid 09:00–20:00 
 

15€ / day Coffee and water included. 
A4 and A3 color Wi-Fi printer available. 

http://hub.synergy-
porto.com/  

Welcoming and relaxed 
atmosphere, homemade meals, 
strategic location in Porto. Excellent 
facilities, easy access, easy parking, 
in an area with access to 
restaurants, hotels and everything 
else. 

4,9 stars 
 

Typographia 
Cowork 
 

Campo dos Mártires da 
Pátria 144 A, 4050-368 
Porto 

Private office 09:00–13:00 
14:00–18:00 

 

65€ / month Wi-Fi, Heating, Lounge Area, Outdoor Terrace, 
Kitchen, Personal Lockers, Event Space For 
Rent, Printing, Bike Parking 
 

http://www.typographi
a-cowork.com/  

A pleasant, elegant, and well-
equipped place. A welcoming and 
enjoyable shared office. The 
location is great. 

4,7 stars 
 

CRU Creative 
Hub 
 

R. do Rosário 211, 4050-
524 Porto 

Hybrid 10:00–19:30 
 

75€ / month Internet Wi-Fi, Flexible or dedicated desks, 
Meeting rooms (limited or unlimited depending 
on the plan), Printer and mail reception, Access 
to common areas and creative community 

https://www.crucreativ
ehub.com/  

Wonderful coffee, unbeatable 
friendliness, shop with a great 
selection of Portuguese products. 
Very welcoming and geared 
towards the creative industries! At 
the entrance there is a small 
gallery/shop selling local products, 
many of them developed by artists 
and designers from the coworking 
space itself. 

4,7 stars 
 

Work Wise 
Co-Working & 
Offices 
 

R. de Sá da Bandeira 
706 6D, 4000-432 Porto 

Shared open 
space 

08:00–20:00 
 

90€ / month Private offices, Open space, Meeting rooms, 
Dedicated internet, Reception, Printing, 
Common areas. 

https://workwise.today/  Freedom, tranquility, and security. 
The space is pleasant. The quality of 
the facilities and the professionalism 
of the management team are 
excellent. A modern and 
welcoming environment. 

4,9 stars 
 

Vertical 
Coworking 
Bolhão 
 

R. Guedes de Azevedo 
131, 4000-272 Porto, 
Portugal 

Hybrid Open 24 
hours 

100€ / month 24/7 Access, Wi-Fi, Flexible Desks, Meeting Rooms 
Common Areas, Freelancer Community 

https://verticalcoworkin
g.com/  

Good working conditions, leisure 
opportunities, and a great location. 
The environment is modern and 
well-decorated with varied 
workspaces that meet all needs, 
from private offices to collaborative 
areas. 

4,7 stars 
 

PortoSoul 
Cowork 
 

R. de Mouzinho da 
Silveira 226, 4050-417 
Porto 

Hybrid Open 24 
hours 

15€ / day 24-hour access, Wi-Fi, Shared tables, Lounge 
areas, Networking, Community atmosphere 

https://www.nortesoul.c
om/coworking-spaces/  

Clean space. Good Wi-Fi. Great 
location. Good value for money. 
Very cozy and pleasant.  

5 stars 
 

WOW - 
Coworking 
Porto 
 

Estr. da Circunvalação 
9543, 4250-148 Porto 

open space Open 24 
hours 

120€ / month Free parking, fiber internet, daily cleaning, 
auditoriums, meeting rooms, lounge, equipped 
kitchen, restaurant, and green areas. There is 
also a package reception area, video 
surveillance, and individual lockers, creating a 

https://www.wowbyfins
a.com/cowork/  

Fantastic location, lots of natural 
light, parking, comfortable chairs. 
The atmosphere is very friendly. 
Dynamic and creative space. 

4,5 stars 
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Name of the 
coworking 

space 

Address Type (open 
space, private 
office, hybrid) 

Opening 
hours 

Reference 
prices 

Infrastructure and amenities (Products and 
Services) 

Links (website, social 
networks) 

User reviews and ratings Google 
Rating 
(1 to 5) 

comfortable and safe environment for daily 
work. 

Facts 
Coworking 
 

R. de 5 de Outubro 185, 
4100-175 Porto 

Hybrid 09:00–19:00 
 

100€ / month Users have access to high-speed internet, air 
conditioning, heating, printers, personal lockers, 
and a fully equipped kitchen with free coffee 
and tea. The space is pet-friendly, wheelchair 
accessible, and has gender-neutral restrooms. 
There is also paid parking nearby and space to 
store bicycles. 

https://factscoworking.
com/  

Wonderful environment. Super 
comfortable and with everything 
you need. Clean place. High-speed 
wired (Ethernet) internet. 

4,9 stars 
 

Workin Porto 
 

Via do Castelo do 
Queijo N.º 395 Lojas 22 
e 23, 4100-429 Porto, 
Portugal 

Hybrid 7:00 - 23:00 14€ / day 
60€ / month 

Space + Furniture, Meeting Rooms, Expenses 
Included, Cleaning, electricity and water, 
unlimited Wi-Fi included, Happy Hours and 
Community Benefits 

https://www.workin.pro
/  

Excellent place. The location is 
ideal, the amenities are plentiful, 
and the spaces are ample. 
Incredible view!!! 

4,9 stars 
 

Re-work Porto 
Cowork 
 

R. da Boavista 217, 
4050-107 Porto 

open space 8:00 - 19:30 90€ / month Shared tables, Wi-Fi, networking https://instagram.com/r
e_work_porto  

A calm, comfortable place with 
friendly coworkers. Super 
comfortable chairs, cozy 
atmosphere, very fast Wi-Fi, air 
conditioning. There's also coffee 
available, a fully equipped kitchen, 
and an outdoor area. The location 
is great, just a few minutes from 
Trindade. 

5 stars 
 

DeHouse 
Downtown 
 

R. de José Falcão 199, 
4050-215 Porto 

Hybrid 8:00 - 20:00 120€ / month Meeting rooms, lounge, community https://dehousecommu
nity.com/  

Very nice coworking space. 
Amazing space. 

4,9 stars 
 

Fisga - 
Warehouse 
 

Rua de Santos Pousada 
826, 4000-485 Porto 

open space 8:00 - 21:00 80€ / month Creative studios, coworking spaces, events http://fisga.space/  It's a coworking space with 
excellent facilities, kind and 
creative people, and a rich cultural 
program (art exhibitions, pop-up 
dinners, events, workshops, etc.). 

4,9 stars 

Solvian 
Coworking 
 

R. Álvaro Gomes 106A, 
4150-063 Porto 

Hybrid 8:00 - 21:00 110€ / month Meeting rooms, private offices https://www.solvian.pt/  Incredible, modern, and super 
versatile space! The atmosphere 
conveys both focus and creativity, 
making it perfect for working quietly 
or exchanging ideas in a group. A 
very modern, welcoming, and well-
organized space. 

5 stars 
 

shiftworkplac
e coworking 
 

R. do Bom Sucesso 372 
1º, 4150-148 Porto 

Hybrid Open 24 
hours 

150€ / month 24/7 access, meeting rooms https://www.shiftworkpl
ace.pt/  

A super welcoming and practical 
space! The environment blends 
modernity and comfort, stimulating 
concentration and productivity. 
Superbly located. A well-equipped, 
pleasant, and tranquil space. 

5 stars 
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Abstract- In manufacturing, quality audits are essential to ensure product conformity and compliance with strict standards. However, 
these processes are often supported by manual and fragmented data collection practices, which limit traceability, analysis, and 
effective decision-making. In this context, digitalisation plays a key role in improving information management and supporting 
decision-making. This study presents a case study conducted in the Quality Department of a multinational company that produces 
faucets, where BPMN was used to analyse the audit process and support its redesign. Based on this analysis, an application and a 
dashboard were developed, enabling structured audit data registration, centralised information management, and real-time 
analysis. The results show that the implemented solution improved data consistency and process transparency, while facilitating 
access to relevant information for decision-making. The analysis of audit data allowed the identification of trends and recurring non-
conformities, enabling managers to act more effectively and in a more targeted way, contributing to continuous process 
improvement. 
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INTRODUCTION 
 The transition towards Industry 4.0 has profoundly reshaped how organisations collect, analyse, and use data 
to monitor and optimise their operations. In increasingly digitalised industrial environments, fast, accurate, and 
integrated data collection systems have become essential to strengthen process transparency, improve operational 
control, and enable earlier deviation detection. According to Yu et al. (2021), digitalisation through automated data 
flows, interconnected systems, and data-driven decision-making mechanisms is fundamental for improving 
organisational responsiveness and ensuring process stability and efficiency. At the same time, growing market 
demands require companies to ensure product conformity with greater precision, speed, and reliability, particularly 
in high-end manufacturing contexts, where quality is a core source of competitive advantage (Rudolf et al., 2024). In 
this context, continuous data collection and analysis play a decisive role, as they support more proactive quality 
management, enable root-cause identification, and sustain continuous improvement initiatives (Bousdekis et al., 
2023). 

The present study addresses this need by analysing the current audit processes carried out in the Quality 
Department of Grohe, a company that belongs to the LIXIL group, a global leader in the sanitary industry. Through 
BPMN-based process mapping, the study identifies inefficiencies in the existing workflow and supports the design of a 
future-state process oriented towards digitalisation. Based on this redesigned process, an application was developed 
to centralise audit information in a single digital environment, thereby improving data accessibility, consistency, and 
traceability, while strengthening the organisation’s ability to monitor quality in real time. 

The next section presents the methodology adopted in this study. This is followed by the theoretical 
background, outlining the most relevant concepts related to quality control, digitalisation, and low-code 
technologies. The results section then presents the BPMN-based analysis of the AS-IS process, the design of the TO-BE 
model, and the digital solution developed to support process transformation. This is followed by a discussion of the 
main findings. Finally, the main conclusions and directions for future work are presented. 

METHODOLOGY 
 This study adopts a qualitative case-study approach based on direct observation of the audit processes and 
iterative process modelling. The audits were observed in their real operational context by accompanying quality 
controllers during the execution of Standard Work, Laser, and Product audits. Based on these observations, AS-IS 
process models were developed and subsequently refined through repeated observation and validation, ensuring 
that they accurately represented the actual workflows. The validated models were then analysed to identify 
inefficiencies, particularly in data collection, registration, and information flow. Based on this analysis, improvement 
opportunities were defined and used to design the TO-BE process model, supported by digital solutions such as 
AppSheet to enable automated data collection, centralised information storage, and improved analysis capabilities. 
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THEORICAL BACKGROUND  

Industry 4.0 and Quality Management 
 Digitalisation is a core pillar of the Industry 4.0 paradigm, enabling the integration of cyber-physical systems, 
industrial Internet of Things (IIoT), cloud computing and advanced analytics within manufacturing environments 
(Kagermann et al., 2013). Through the continuous acquisition and exchange of data, digitalised production systems 
support real-time monitoring, decentralised decision-making and increased operational transparency (Yu et al., 
2021). In the context of quality management, this transformation has led to the emergence of Quality 4.0, which 
extends traditional quality assurance practices by embedding digital technologies into inspection, auditing and 
control activities (Bousdekis et al., 2023). 

The most recent stage of quality management evolution is Quality 4.0, which emerges from the convergence 
between consolidated quality management practices and the technologies associated with Industry 4.0. According 
to Carvalho et al. (2021), Quality 4.0 results from the application of digital technologies, such as data analysis, 
automation, and real-time connectivity, to quality management processes, enhancing previous approaches without 
replacing them. Broday (2022) reinforces this perspective, highlighting that Quality 4.0 represents the digitalization of 
quality management, combining traditional control methods with the new capabilities of Industry 4.0, and that this 
evolution requires a cultural transformation in organizations, with an increasing focus on the use of data for decision-
making. 

Process digitalisation  
Industry 4.0 shifts quality management from a reactive, inspection-oriented approach to a more proactive and 

predictive paradigm. Digital tools enable faster detection of deviations, improved traceability across process stages 
and stronger integration between operational data and managerial decision-making. However, the effectiveness of 
these approaches depends on the reliability and structure of the data collected. Many manufacturing organisations 
still rely on manual or fragmented data acquisition practices, which limit the potential benefits of digitalisation and 
prevent the full realisation of Industry 4.0 principles (Lourenço et al., 2022). 

Process digitalisation should not be understood merely as the conversion of paper-based records into digital 
formats, but rather as a broader transformation in the way information is captured, structured, shared and used to 
support decision-making. In this sense, digitalisation plays an important role in increasing the speed and capacity of 
analysing information derived from production processes, while also improving data accessibility, consistency and 
transparency. Silva et al. (2025) argue that well-organised, relevant and user-friendly information adds value to 
organisations and supports managerial decision-making. In the addressed case study, in an automotive company, 
the authors show that paper-based defect monitoring generated excessive recording time, inconsistent data, errors 
and difficulties in analysing and following up corrective actions, mainly due to the lack of centralised and organised 
information. Therefore, the digitalisation of the process not only improved the recording and synthesis of information, 
but also strengthened problem-solving and supported continuous improvement (Silva et al., 2025). 

Data Control in Manufacturing 
Data control in manufacturing refers to the systematic collection, validation, storage, and use of operational data 

to support process stability, quality assurance, and continuous improvement. High-quality data is essential for 
compliance monitoring, deviation analysis, traceability, and audit effectiveness. When data is inaccurate, 
incomplete, or delayed, quality tools such as Six Sigma, PDCA, or statistical process control lose analytical power and 
may lead to delayed or incorrect decisions (Antony et al., 2021). 

The literature consistently identifies manual and paper-based data collection as a major source of data quality 
issues, including transcription errors, missing values, selective reporting, and latency between observation and 
documentation (Lourenço et al., 2022; Yu et al., 2021). These limitations are particularly critical in audit processes, 
where data functions not only as evidence of conformity but also as a trigger for corrective actions and escalation 
mechanisms (Santos et al., 2022). Fragmented data sources further hinder consolidation, trend analysis, and 
performance comparison over time (Bousdekis et al., 2023). 

Compared to manual or semi-automated systems, digitally integrated data collection improves data availability, 
validation, and traceability, forming the basis for more diagnostic, predictive, and prescriptive quality analytics (Qin 
et al., 2016; Bousdekis et al., 2023). Empirical studies also show that digitally enabled inspection and IIoT-based 
monitoring systems improve defect detection, increase process consistency, and support proactive quality 
management (Rožanec et al., 2022; Banerjee et al., 2021) 

 Business Process Modelling with BPMN 
Business Process Model and Notation (BPMN) is a standardised graphical language used to represent business 

processes in a clear, structured and unambiguous manner (Object Management Group, 2014). BPMN provides a set 
of elements to model activities, events, decision points, organisational roles and information flows, enabling consistent 
interpretation of processes across different stakeholders and organisational contexts (Dumas et al., 2018). 
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Within the process management lifecycle, BPMN is widely applied to model both the current state (AS-IS) and the 
desired future state (TO-BE) of a process. AS-IS models describe how processes are actually executed, serving as a 
baseline for identifying inefficiencies, redundancies and sources of variability (Aguilar-Savén, 2004). In contrast, TO-BE 
models represent improved versions of processes, incorporating structural changes, task reallocation or automation 
to address the limitations identified in the current state (Dumas et al., 2018). 

The distinction between AS-IS and TO-BE modelling is central to process improvement initiatives, as it enables a 
systematic comparison between existing practices and intended objectives. The literature emphasises that effective 
TO-BE process design should be grounded in a rigorous analysis of the AS-IS process, ensuring coherence and 
traceability between process versions (Reijers & Mansar, 2005; Mendling et al., 2010). 

One of the main strengths of BPMN lies in its ability to represent, within a single model, workflow logic, organisational 
responsibilities and data-related aspects. Pools and lanes are used to clarify roles and responsibilities, while the 
representation of data objects makes explicit the points at which information is created or recorded throughout the 
process (Object Management Group, 2014). This clarity contributes to model quality and understandability and 
supports the analysis of traceability requirements (La Rosa et al., 2011). 

The literature shows that well-structured BPMN models enhance communication among stakeholders, improve 
process understandability and support evidence-based redesign decisions (Reijers & Mendling, 2011; Bandara et al., 
2015). For these reasons, AS-IS and TO-BE modelling using BPMN provides a solid methodological foundation for 
continuous improvement initiatives, as well as for the digitalisation and automation of business processes. 

Additionally, the integration of Business Process Modelling (BPM) into Quality Management Systems and tools 
creates preconditions for the development of an effective and efficient organization. BPM and Quality Management 
(QM) should not be considered as separate management disciplines with different tools, as BPM can be used as a 
methodology that can be integrated into QM paradigms (Stravinskiene and Serafinas, 2020). 

Low-Code Platforms and Process Digitalisation 
Within the scope of this study, AppSheet functions as the digital backbone for transforming Grohe’s quality audit 

processes. By automating data entry, timestamping, audit identification and reporting workflows, AppSheet directly 
addresses the main limitations of the current system, namely manual data collection, delayed corrective actions and 
lack of end-to-end traceability. This implementation enables a structured transition from the AS-IS manual audit system 
to a TO-BE digital audit management solution aligned with BPMN-designed workflows, supporting data-driven quality 
management and continuous improvement. 

Low-code and no-code platforms have emerged as practical enablers of digital transformation, allowing 
organisations to develop customised applications rapidly and with limited programming expertise (Saha & Dey, 2022). 
Their flexibility is particularly valuable in manufacturing contexts, where operational and quality-related processes 
frequently evolve and often require tailored workflows. Gao & Fagerholm (2026) add that, although low-code does 
not profoundly modify the overall software development process, it allows for faster creation of solutions and more 
agile adjustments throughout the project. 

Among these platforms, AppSheet has gained relevance due to its ability to automate data collection, trigger 
workflow notifications, generate reports, connect to cloud databases, provide audit trails, and enforce data 
validation rules. These features make it particularly suitable for supporting quality audit processes, where structured 
data capture, traceability, and timely reporting are critical. Although academic literature specifically focused on 
AppSheet remains limited, its adoption is aligned with broader research showing that low-code solutions improve 
operational agility and data accuracy in Industry 4.0 environments (Saha & Dey, 2022; Ludbrook et al., 2025). This 
relevance is reinforced by its adoption within the LIXIL Group, which has publicly highlighted the use of Google Cloud 
and AppSheet to democratise data access and support internal digital solutions developed by non-technical 
employees (Google Cloud, 2023). 

 

 CASE STUDY 

Problem Caracterization and proposed solution  
While Grohe is a global leader in the sanitary industry, the focus of this project lies on its production facility located 

in Albergaria-a-Velha, Portugal. This plant represents a strategic unit within the group and serves as the empirical 
setting for the present study. It is responsible for manufacturing a wide and diverse portfolio of products, including a 
significant share of essential faucets and sanitary components. 

Notably, the facility produces thermostatic cartridges for the group’s entire global manufacturing network and 
operates as a centre of excellence for Physical Vapor Deposition (PVD), a distinctive process that enables the 
production of high-end coloured faucets. In addition, the plant manufactures technologically advanced solutions 
and a complete range of bathroom products, including bidets, bathtubs, and showers. The diversity, complexity, and 
technological sophistication of these production activities require a high level of process stability and operational 
consistency. 
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To address these requirements, the Albergaria-a-Velha plant has been progressively implementing the Standard 
Work framework in the production line, to ensure consistent task execution, reduce process variability, and support 
quality assurance. Standard Work defines the sequence of operations, task allocation, and execution methods for 
each product and production line, thereby establishing a common and repeatable way of working. However, as this 
framework is still an ongoing implementation project at the site, it is currently applied only to selected products and 
production lines. 

In this context, systematic verification of compliance with Standard Work has become essential to ensure its 
effective adoption and to prevent deviations during daily operations. This need has led to the establishment of the 
Standard Work Audit, which focuses specifically on assessing whether the defined task division and execution 
sequence are respected in practice. The audit evaluates compliance with the Standard Work Sheet, which is 
adaptable to different production scenarios depending on the number of operators assigned to the line. Monitoring 
compliance is particularly critical in such a complex manufacturing environment, as deviations from standardized 
practices can compromise process stability, hinder error traceability, and ultimately affect product quality.  

To illustrate the process, the Standard Work audit will be used as a representative example, although the work 
developed also encompassed three additional audit processes with a similar structure and approach. 

The Standard Work Audit process is currently performed at least four times per day within the Quality Department, 
reflecting its critical role in ensuring process stability and product conformity. Due to this high execution frequency, 
the audit process requires significant operational effort and generates a substantial volume of data daily. In its current 
configuration, the process relies heavily on manual data collection and documentation, which amplifies inefficiencies 
and increases the likelihood of delays and inconsistencies. 

Given the repetitive nature of the audit and the growing demands for timely, reliable, and traceable quality 
information, the need to optimise and automate this process became evident. Manual execution not only consumes 
valuable time from quality controllers but also limits the organisation’s ability to consolidate data, monitor trends, and 
respond proactively to deviations. As the volume of audits increases, these limitations become progressively more 
critical, reinforcing the necessity for a structured improvement approach. 

As an initial step toward process improvement, this study focuses on identifying the stages at which inefficiencies 
occur. To achieve this, Business Process Model and Notation (BPMN) is used to model the current (AS-IS) audit process. 
BPMN provides a clear and standardised visual representation of the workflow, enabling a comprehensive 
understanding of task sequencing, decision points, data flows, and interactions between actors. By mapping the 
process using BPMN, it became possible to systematically analyse the workflow, identify redundant or non-value-
added activities, and establish a solid foundation for subsequent automation and digitalisation initiatives. 

The Standard Work Audit ensures that operations on the production line follow the defined methods and work 
instructions. Currently, this audit includes the following steps: 

 Selection of the production line to be audited, based on the audit plan and the availability of Standard Work 
documentation. 

 Preparation of the audit, including printing the physical audit sheet that will be used for on-site data collection. 

 Movement to the production line and initiation of the audit. 

 Direct observation of operators’ activities during three consecutive production cycles, assessing compliance 
with the Standard Work Sheet, including task sequence, task allocation, and adherence to defined work 
instructions. 

 Manual recording of audit results on the physical audit sheet, with each parameter classified according to 
predefined outcomes (e.g., OK or NOK). 

 Evaluation of audit results, with immediate awareness and clarification provided to operators in cases where 
non-compliances are identified. 

 Transcription of the collected data into a digital template, ensuring consistency between physical and digital 
records. 

 Storage of each audit report in a shared Google Drive folder as a separate PDF file identified by its respective 
audit number. 

 Entry of audit data into the general audit database, enabling historical storage and future analysis. 

 Dissemination of the audit report, typically shared with relevant stakeholders via email. 

The critical stages of the current (AS-IS) process model are highlighted in Fig. 1, particularly those associated with 
inefficiencies and data management limitations. 
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Fig. 1. AS-IS model. 

The BPMN modelling of the Standard Work Audit process enabled a detailed visualisation of the existing workflow 
structure. The analysis of the AS-IS model revealed several operational characteristics and inefficiencies embedded 
within the current process. These findings relate primarily to (i) the distribution and repetition of activities throughout 
the Standard Work Audit workflow, (ii) the multi-step and manual nature of data registration, and (iii) the absence of 
integrated mechanisms for consolidating and analysing audit data. 

To overcome these limitations, a TO-BE process model was designed to support a more integrated and efficient 
audit workflow as illustrated in Fig. 2 In this future-state process, audit records are entered directly into the AppSheet 
application and automatically stored in a central database, eliminating the need for manual transcription and 
improving data availability, traceability, and consistency. Additionally, once the audit record is submitted, the 
corresponding email notification is automatically sent, thereby streamlining communication with the relevant 
stakeholders and reducing delays in the reporting process. 

 
Fig. 2. TO-BE model. 
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RESULTS AND DISCUSSION  
In order to address the limitations identified in the current audit process and support its digitalisation, a solution was 

developed to improve data collection, storage, and analysis. As highlighted in the AS-IS analysis, the existing process 
relied heavily on manual data registration, fragmented information storage, and limited analytical capabilities, which 
constrained the organisation’s ability to monitor performance and support decision-making. 

A low-code application was then developed using AppSheet, aiming to centralise audit data within a single 
platform and streamline the overall audit workflow. The application was designed to integrate the different types of 
audits performed in the Quality Department, ensuring a structured and standardised approach to data registration. 

The developed solution enables users to register audit data through a digital form, automatically store information 
in a central database, and support real-time analysis through an integrated dashboard. The main interface of the 
application, which provides access to the different audit types and functionalities, is illustrated in Fig. 3. 

 
Fig. 3. Home page of the developed app. 

Audit records are submitted through a form integrated into the application, which includes validation rules such 
as mandatory fields. As shown in Fig. 4, when a parameter is marked as NOK, the associated comment becomes 
mandatory, preventing incomplete data entry. 

 
Fig. 4. Form of a new register. 

In addition to the application, a data analysis dashboard was developed, as shown in Fig. 5. Connected to the 
same data source, it provides continuously updated records and enables a consolidated analysis of audit results. The 
dashboard allows users to monitor key indicators, apply filters by relevant parameters, and identify trends or recurring 
non-conformities, thereby improving process visibility and supporting data-driven decision-making. 
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Fig. 5. Dashboard for data analysis 

As illustrated in Figure 5, the dashboard enables the analysis of key performance indicators (KPIs), including the 
total number of registrations filtered by date, the average audit result, the most frequently failing parameters across 
the dataset, and the percentage of non-conformities (NOK) associated with each evaluated audit question. 
Furthermore, it supports the assessment of performance at both production line and product levels. These analytical 
capabilities provide robust and data-driven insights, supporting informed decision-making and facilitating the 
identification of priority areas for corrective action. 

CONCLUSIONS  
This study highlights the important role of BPMN-based process modelling in supporting the digitalisation of quality 

management processes. The AS-IS analysis enabled a systematic identification of several inefficiencies, namely 
information dispersion, lack of standardisation, and the absence of real-time monitoring mechanisms. By structuring 
and making process flows explicit, BPMN proved to be fundamental in guiding their redesign and promoting a more 
integrated and data-driven approach. 

Building on this diagnostic phase, an AppSheet-based application was developed to operationalise the defined 
TO-BE model. This solution enabled the automation of data recording, standardised the way information is entered, 
and centralised all relevant data within a single system. As a result, there was a reduction in manual effort and the 
likelihood of human error, alongside a significant improvement in data consistency, traceability, and availability. 

Furthermore, the integration of functionalities such as automated calculations, notifications, and near real-time 
dashboards contributed to increased process visibility and supported continuous monitoring of audit performance. 
This advancement translates into faster and more informed decision-making, in line with the principles of Industry 4.0 
and Business Process Management. Rather than merely converting existing practices into digital formats, the 
developed solution promotes a structural transformation in the way information is handled and utilised within the 
organisation. 

The results align with findings from several authors who emphasise that digitalisation of quality processes is a 
prerequisite for efficiency, control, and operational responsiveness. Yu et al. (2021) highlight that the absence of 
integrated data-collection systems prevents early deviation detection and impairs an organisation’s ability to respond 
rapidly to failures. Similarly, Bousdekis et al. (2023) argue that manual data entry and the lack of analytical dashboards 
are typical limitations of traditional quality systems and constitute major barriers to the effective implementation of 
Industry 4.0 and Quality 4.0 practices. 

Although the redesigned process substantially improves the structure, traceability, and consolidation of audit 
information, certain limitations remain. Despite the digitalisation of data processing and reporting, the initial data 
collection continues to rely on manual input, as quality controllers currently do not have access to mobile digital 
devices that would allow the direct recording of audit results at the point of inspection. As a result, some degree of 
manual transcription persists, which may still introduce delays or isolated inaccuracies. This limitation reflects a broader 
infrastructural constraint rather than a methodological one and should be addressed in future stages of the digital 
transformation. 

Additionally, while this study focuses exclusively on the audit processes performed within the Assembly 
Department, similar audits are conducted in other areas of the organisation, such as Supplier Quality Management, 
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and Surface Treatment. These departments employ data-collection procedures that follow the same manual and 
fragmented logic identified in the mapped processes. Consequently, the benefits achieved through the 
development of the AppSheet solution are expected to be equally relevant in these contexts. Future improvement 
initiatives should therefore consider replicating or adapting the digital application to other audit processes, promoting 
standardisation across departments, and maximising the impact of digitalisation on the organisation’s overall quality-
management system. 

Overall, the results demonstrate that the combination of process modelling and low-code digital solutions, such 
as AppSheet, represents an effective approach to bridging the gap between conceptual analysis and practical 
implementation. This integration is particularly relevant in industrial contexts, as it supports continuous improvement, 
strengthens quality management systems, and fosters a data-driven organisational culture. 
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Abstract: In safety-critical or high-value sectors – such as aerospace, defence, nuclear production, safety devices and luxury 
manufacturing – incorrect conformity assessments can have unacceptable consequences. When 100% inspection is impractical and 
inspections are affected by non-negligible error, redundant inspection of a subset of sampled units by multiple independent inspectors 
becomes an attractive option. In multiple-inspector sampling plans for attributes, the inspectors' unit-level assessments can be arranged in 
an nm matrix, where n is the number of sampled units and m is the number of inspectors. The sequence used to aggregate those assessments 
into a final lot-disposition decision (LDD) is crucial; two sequences are considered here. In the rows-first sequence, each inspector first applies 
a classical sampling-plan rule to the sampled units (i.e., acceptance if the observed composition of conforming and defective units satisfies 
the relevant reference thresholds, and rejection otherwise), generating a local LDD; the local LDDs are then aggregated by majority. In the 
columns-first sequence, the inspectors' assessments are first aggregated unit by unit, again by majority in the case studied, and the same 
sampling-plan rule is then applied to the resulting global assessments.  

This paper investigates the practical consequences of the aggregation sequence on the severity and discriminatory power of the resulting 
multiple-inspector sampling plan, as described by the relevant operating-characteristic (OC) curve. A broad set of operational 
configurations is examined by varying the sampling-plan parameters, the number of inspectors and their propensity to make inspection 
errors. Stability is assessed by comparing the multiple-inspector OC curves with the “ideal” OC curve of a corresponding sampling plan in 
the absence of inspection errors. The analysis shows that the two aggregation sequences can yield substantially different and sometimes 
counterintuitive outcomes, even when all input conditions are unchanged. The columns-first sequence is generally more stable and robust, 
and its performance typically improves as the number of inspectors increases. By contrast, the rows-first sequence often produces excessive 
severity, and – under some conditions – a larger group of inspectors can even worsen the deviation from the ideal benchmark. These findings 
can be interpreted through Condorcet's Jury Theorem, according to which majority voting amplifies the alternative that is individually more 
likely. 

Keywords: Sampling plan; Multiple inspectors; Inspection error; Majority criterion 

I. INTRODUCTION 
In critical, high-value and highly customized contexts – such as aerospace, defence, nuclear production, automotive safety 

devices and luxury manufacturing – lot-acceptance decisions must be highly reliable. A wrong conformity assessment may 
have serious consequences, so organizations sometimes use more than one inspector on the same units. Although redundant 
inspection increases effort, it can improve decision reliability when individual assessments are not perfectly accurate (Chun, 
2009). Moreover, the literature shows that conformity assessments are often subjective and prone to inspection error, whether 
inspections are manual or automated; differences in training, fatigue, procedures, instrumentation and familiarity with the 
product make it unrealistic to assume perfect assessment of every unit, especially for visual, aesthetic or otherwise ambiguous 
attributes (Cymek, 2024). Another practical issue is that 100% inspection is not always feasible; this happens, for example, when 
inspection is destructive, very time-consuming or prohibitively costly. Airbag systems are an example: a complete inspection 
may require dismantling and detailed examination of the device, which prevents reassembly and makes full inspection of all 
units impossible. Similar issues arise in many critical or expensive products; in such cases, statistical acceptance sampling is 
used: only a subset of sampled units is inspected and then a lot-level decision is derived. 

In the classical attribute-sampling setting, a sampling plan is defined by several parameters: the number of sampled units, 
which may be fixed or may vary depending on how the inspection evolves, and a set of reference thresholds used to 
determine lot acceptance or rejection. The n sampled units may be drawn from a lot of N units either all at once or in successive 
stages, depending on the specific sampling-plan scheme. The final decision to accept or reject the lot depends on the 
comparison between the number of conforming and defective units detected within the sampled units and the relevant 
reference thresholds. This framework is well established in statistical quality control because it balances customer protection 
and inspection effort when a full inspection is either impossible or inefficient (Montgomery, 2019; Schilling and Neubauer, 2009; 
ISO/DIS 2859-1:2025, 2025).  The problem becomes more complex when the same sampled units are inspected independently 
by m different inspectors. Their binary unit-level assessments can be organized into a conformity-assessment matrix of size nm, 
where the columns correspond to sampled units (u1, u2, …, un) and the rows correspond to inspectors (i1, i2, …, im). The central 
question is how to aggregate those multiple assessments into a single global lot-disposition decision (LDD); the answer is not 
unique. Two aggregation sequences can be adopted. In the first one, called rows-first, each inspector is treated separately; 
every inspector applies the sampling-plan rule to the sampled units as they assessed them, thereby generating a local LDD. 
Those m local decisions are then aggregated by a column-wise rule, such as majority or unanimity, to obtain the final global 
LDD. In the second sequence, called columns-first, the order is reversed: the m inspectors' judgments on each sampled unit 
are first aggregated to produce one global assessment for that unit; after all sampled units have been assessed globally, the 
classical sampling-plan rule is applied once to determine the final LDD. Fig. 1 exemplifies the two sequences (Franceschini et 
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al., 2025; Deming, 2018); even when based on the same input data (i.e., the same assessment matrix), the two aggregation 
sequences do not necessarily yield the same final global LDD. 

 
 
(1)  Assessment matrix with 

local conf. assessments   (2)  Local LDDs  
(to be aggregated) 

 u1 u2 ⋯ un    

i1 ✓ ✓ ⋯ ✓  i1 pass 
i2 ✓ ✗ ⋯ ✗  i2 fail 
i3 ✗ ✓ ⋯ ✓  i3 pass ⋮ ⋮ ⋮ ⋱ ⋮  ⋮ ⋮ 
im ✓ ✗ ⋯ ✓  im pass 

        
  (3) Global or final LDD 

about the whole lot  
        
       pass 

(a)  Rows-first aggregation sequence 

(1)  Assessment matrix with 
local conf. assessments    

 u1 u2 ⋯ un    
i1 ✓ ✓ ⋯ ✓    
i2 ✓ ✗ ⋯ ✗    
i3 ✗ ✓ ⋯ ✓    ⋮ ⋮ ⋮ ⋱ ⋮    
im ✓ ✗ ⋯ ✓    

        
(2) Global conf. assessments

(to be aggregated)   (3) Global or final LDD 
about the whole lot  

 u1 u2 ⋯ un    
 ✓ ✗ ⋯ ✓   pass 

 

(b)  Columns-first aggregation sequence 

 
Fig. 1. Conceptual example of a conformity-assessment matrix with aggregation sequences (a) rows-first and (b) columns-first, used to obtain the final LDD for 
the lot. The symbols “✓” and “✗” denote units classified as conforming and defective, respectively. The column-wise aggregation step may rely on different 
criteria, such as majority or unanimity (Franceschini et al., 2025). 

Previous work by Maisano et al. (2025) formalized multiple-inspector sampling plans statistically, by considering both 
aggregation sequences and different column-wise aggregation rules, notably majority and unanimity. That work showed that 
majority aggregation can produce operating-characteristic (OC) curves relatively close to those of an “ideal” sampling plan 
with a single error-free inspector, whereas unanimity is often too severe because even a small number of false-defective 
classifications makes unanimous agreement on conformity unlikely. What remains less clear, however, is the role of the 
aggregation sequence itself. If the same inspectors, the same sampled units, the same sampling-plan parameters and the 
same error propensities are kept fixed, can the final performance still change substantially, simply because the aggregation is 
carried out in a different sequence? 

The present study addresses that question, with the aim of investigating whether the aggregation sequence affects the 
stability of multiple-inspector sampling plans and, if so, under what operating conditions the effect becomes most relevant. 
Particular attention is devoted to the resulting OC curves, as they summarize the severity and discriminatory power of the 
sampling plan. For the sake of simplicity, the analysis is restricted to single-sampling plans (SSPs). Moreover, to keep the 
investigation focused on practically meaningful designs, only majority aggregation is considered in the column-wise 
aggregation step; unanimity is excluded because prior evidence showed that, under non-negligible inspection error, it is 
justified only in extremely critical applications (Maisano et al., 2025; Duffuaa and El-Ga’aly, 2015). The work is guided by three 
research questions: 

 RQ1: Which aggregation sequence (columns-first or rows-first) is generally more robust? 
 RQ2: Under what operating conditions do the differences between the two sequences become most evident? 
 RQ3: What theoretical lens best explains the observed differences? 

To answer these questions, a broad set of SSP configurations is examined by varying the sampling-plan parameters and the 
inspectors' error rates. The results are then interpreted through Condorcet's Jury Theorem (CJT), a classical theorem in social 
choice theory according to which majority voting improves collective accuracy only when individual decisions are more likely 
to be correct than incorrect. As will be shown, that theorem offers a compact and convincing explanation for the empirical 
patterns that emerge (Condorcet, 1785; Grofman et al., 1983; List and Goodin, 2001; Franceschini et al., 2022). 

The remainder of the paper is organized as follows. Section II recalls the theoretical model of attribute SSPs, first in the ideal 
single-inspector case and then in the multiple-inspector setting with inspection errors. Section III describes the methodological 
design of the comparison. Section IV presents the OC-curve results and interprets them through the CJT. Section V concludes 
by summarizing the practical implications, limitations and directions for future research. 

II. THEORETICAL BACKGROUND ON SSPS 

A. Ideal SSP 
A classical SSP for attributes is defined by the sample size n and the acceptance number c. After a random sample of n 

units is drawn from a lot of size N, the number of defectives d observed in the sample is counted. If d ≤ c, the lot is accepted; 
if d > c, it is rejected. In the standard case in which isolated lots with n ≪ N or trains of lots are considered, the probability of 
accepting the lot can be approximated by a binomial model. The corresponding Type-B OC curve is given by (Montgomery, 
2019; Schilling and Neubauer, 2009): 𝑃௔ = ෍ ൫௡ௗ൯ ∙ 𝑝ௗ ∙ (1 − 𝑝) ௡ିௗ௖ௗୀ଴  ,    (1) 

which represents the cumulative probability of observing at most c defectives in a sample of size n when the lot 
defectiveness is p. More generally, when the binomial approximation is not applicable, the hypergeometric model should be 
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used, yielding the Type-A OC curve. In this paper, however, only the binomial approximation is considered, as the aim is to 
isolate the effects of inspection error and aggregation sequence without overcomplicating the analytical models 
(Montgomery, 2019). 

The OC curve is the fundamental tool for evaluating the discriminatory power of a sampling plan, that is, its ability to 
distinguish acceptable lots from unacceptable ones. Two reference points are particularly important. The first is the Acceptable 
Quality Level (AQL), a relatively small defectiveness that the supplier may produce while still expecting acceptance with 
relatively high probability; the complementary probability of rejection at the AQL is the “producer's risk”,  = 1 – Pa(p = AQL). 
The second point is the Lot Tolerance Percent Defective (LTPD), a relatively high defectiveness at which the customer expects 
rejection with relatively high probability; the acceptance probability at that point is the “consumer's risk”,  = Pa(p = LTPD). In 
practice, the values of n and c are selected so that the resulting OC curve reflects an acceptable compromise between 
supplier and customer interests (Deming, 2018; Montgomery, 2019). 

B. Modelling inspection errors 
The classical SSP implicitly assumes a single inspector who makes no inspection error. Unfortunately, real inspections are 

rarely error-free, especially when they involve subjective judgments or subtle quality characteristics. Two error types are 
particularly relevant (Kenett et al., 2023; Montgomery, 2019): 

 False defectives: conforming units incorrectly classified as defective; the corresponding probability is denoted by a. 
 False conformings: defective units incorrectly classified as conforming; the corresponding probability is denoted by b. 

Empirical studies suggest that both probabilities are often only a few percentage points in industrial practice, with false-
conforming rates sometimes slightly higher than false-defective rates. Even so, small inspection-error probabilities can materially 
distort the performance of a sampling plan because the final LDD is based on a small number of observations (Burke et al., 
1995; Kenett et al., 2023). If the true defectiveness is p, an inspector with error rates a and b does not perceive p directly. 
Instead, the inspector perceives an apparent defectiveness p', defined by: 𝑝ᇱ = (1 − 𝑝)𝑎 +  𝑝(1 − 𝑏) .    (2) 

Equation (2) states that a sampled unit is classified as defective either because it is truly defective and correctly identified 
as such, or because it is truly conforming but falsely classified as defective. Consequently, the lot acceptance probability in 
the presence of inspection error is obtained by replacing p with p' in the ideal SSP formula, as shown in (3) (Ferrell Jr and 
Chhoker, 2002; Jamkhaneh et al., 2011; Gadrich and Bashkansky, 2016): 𝑃௔ᇱ = ෍ ൫௡ௗ൯௖ௗୀ଴ ∙ (𝑝ᇱ)ௗ ∙ (1 − 𝑝ᇱ) ௡ିௗ  .   (3) 

The “distorted” OC curve implied by (3) generally lies below the ideal OC curve at low values of p, because false defectives 
make good lots appear worse than they are, and above the ideal OC curve at high values of p, because false conformings 
make bad lots appear better than they are. The net effect is a loss of discriminatory power. Fig. 2 illustrates these distortions for 
a SSP with n = 14 and c = 1. Even moderate error rates can reduce acceptance probabilities at low defectiveness by 10-20%; 
when error rates (a and b) approach 20%, the OC curve may flatten dramatically, yielding a sampling plan whose practical 
meaning is severely compromised (Burke et al., 1995; Ferrell Jr and Chhoker, 2002). A further difficulty is that estimating a and 
b in practice is not straightforward; reliable estimates require a “ground truth”, such as re-inspection by a reference method or 
a superior inspector, and they may vary over time with fatigue, training, product type and operating conditions. Many 
organizations therefore ignore these parameters and design sampling plans as if inspections were error-free. This difficulty 
motivates the search for configurations that remain reasonably stable even when individual inspection errors cannot be 
estimated accurately (Burke et al., 1995; Jaraiedi and Iskander, 1989; Franceschini et al., 2025; Maisano et al., 2025). 

Pa 

“Ideal” OC curve (no insp. errors) 
iA: a = 2.6%, b = 4.8% 
iB: a = 6.0%, b = 6.5% 
iC: a = 16.5%, b = 25.6% 

AQL LTPD p 

iA 

iB 

iC 

“Ideal” OC curve 

p Pa 
 “Ideal” iA iB iC 

AQL = 5% 84.7% 73.1% 56.5% 21.4% 
LTPD = 22% 15.3% 13.4% 9.7% 5.4% 
 

 
Fig. 2. Comparison of Type-B OC curves for a SSP with a single inspector and parameters n = 14 and c = 1, in the absence of inspection errors (ideal OC curve) 
and in the presence of inspection errors. Three hypothetical inspectors (iA, iB and iC) with different combinations of the a and b error rates are considered. 
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C. SSPs with multiple inspectors 
Consider now the case in which the same sample units are inspected independently by multiple inspectors. Their 

assessments are stored in a conformity-assessment matrix like the one in Fig. 1. The rationale for using multiple inspectors is that 
independent judgments can cross-check one another and reduce the effect of individual misclassifications, albeit at a higher 
inspection cost; this trade-off is especially attractive in safety-critical or high-value applications. In what follows, inspectors are 
assumed to work independently, so that one inspector's assessment does not influence another's (Knight and Myers, 1993; 
Aurum et al., 2002; Chandra and Schall, 1998). The modelling problem is to derive the OC curve of the resulting multiple-
inspector SSP while accounting for both the inspectors' error rates and the aggregation sequence used to transform local 
assessments into a global decision (Maisano et al., 2025). 

D. Rows-first aggregation sequence 
In the rows-first aggregation sequence, each i-th inspector evaluates the same n sample units and applies the classical SSP 

rule to the sample as perceived by that inspector; the result is a local LDD. The final global LDD is then obtained by aggregating 
the m local LDDs by majority (Franceschini et al., 2025; Maisano et al., 2025). To model this case, the apparent defectiveness 
perceived by each inspector must first be specified. For the i-th inspector, whose false-defective and false-conforming 
probabilities are ai and bi, the apparent defectiveness is given by: 𝑝௜ᇱ = (1 − 𝑝)𝑎௜ + 𝑝(1 − 𝑏௜) .    (4) 

Using that quantity in the binomial SSP model yields the probability that the i-th inspector finds at most c defectives in the 
sample, namely the local lot-acceptance probability shown in (5): 𝑃௔, ௜ = ෍ ൫௡ௗ൯௖ௗୀ଴ ∙ (𝑝௜ᇱ)ௗ ∙ (1 − 𝑝௜ᇱ) ௡ିௗ  .   (5) 

The global probability of accepting the lot under rows-first aggregation is then obtained by aggregating the m local LDDs 
through the majority criterion: 

𝑃௔, ୟ୥୥ = ෍ ൞ ෍ ቎ ෍ ቐ቎ෑ ቌ ෍ ቐ ෍ ൜൤൬𝑑𝑗 ൰ ∙ (1 − 𝑏௜)௝ ∙ 𝑏௜ௗି௝൨ ∙ ൤൬𝑛 − 𝑑𝑘 − 𝑗 ൰ ∙ 𝑎௜(௞ି௝) ∙ (1 − 𝑎௜)(௡ିௗ)ି(௞ି௝)൨ൠ୫୧୬(௞, ௗ)
௝ୀ୫ୟ୶[଴, ௞ି(௡ିௗ)] ቑ௡

௞ୀ௡ି௖ ቍ௜∈஺ ቏஺⊆{ଵ, …, ௠}, |஺|ୀ௦
௠

௦ୀቔ௠ଶ ቕାଵ
௡

ௗୀ଴
⋅ ቎ෑ ቌ1 − ቎ ෍ ቐ ෍ ൜൤൬𝑑𝑗 ൰ ∙ (1 − 𝑏௜)௝ ∙ 𝑏௜ௗି௝൨ ∙ ൤൬𝑛 − 𝑑𝑘 − 𝑗 ൰ ∙ 𝑎௜(௞ି௝) ∙ (1 − 𝑎௜)(௡ିௗ)ି(௞ି௝)൨ൠ୫୧୬(௞, ௗ)

௝ୀ୫ୟ୶[଴, ௞ି(௡ିௗ)] ቑ௡
௞ୀ௡ି௖ ቏ቍ௜∉஺ ቏ቑ቏ ∙ ቀ𝑛𝑑ቁ ⋅ 𝑝ௗ ⋅ (1 − 𝑝)௡ିௗൢ. (6) 

Equation (6) can be interpreted as the probability that the majority of inspectors, each subject to individual inspection error 
rates ai and bi, identifies no more than c defective units, conditional on the sample containing exactly d defectives and 
accounting for all possible values of d. Here, A denotes a possible subset of s inspectors (out of m) yielding a local acceptance 
LDD, while k and j are dummy summation variables. This aggregation scheme is mathematically complex because all 
inspectors evaluate the same sampled units, thereby introducing a common-sample constraint. Further details on the step-by-
step derivation of (6) are provided in Maisano et al. (2025). 

E. Columns-first aggregation sequence 
In the columns-first sequence, aggregation takes place in two stages. First, the m assessments referring to the same sampled 

unit are aggregated into one global conformity assessment for that unit. Second, the classical SSP rule is applied to the resulting 
n global assessments. Under majority aggregation, a sampled unit is globally classified as conforming if at least q of the m 
inspectors judge it conforming. The threshold q is given by (Maisano et al., 2025): 𝑞 = ቔ௠ଶ ቕ + 1 .   (7) 

For example, when m = 5, majority requires q = 3. A column such as [✓, ✓, ✓, ✗, ✗]T is therefore globally classified as 
conforming. Once unit-level majority aggregation has been applied to all sampled units, the probability of lot acceptance is 
given by: 𝑃௔, ୟ୥୥ =   ∑ ൫௡ௗ൯௖ௗୀ଴ ∙ ൣ 𝑝aggᇱ  ൧ௗ ∙ ൣ 1 − 𝑝aggᇱ  ൧ ௡ିௗ  .   (8) 

The term p'agg in (8) is a multiple-inspector apparent defectiveness, which can be expressed as a function of two 
aggregated error rates, aagg and bagg, through (9): 𝑝aggᇱ = (1 − 𝑝) ∙ 𝑎agg + 𝑝 ∙ ൫1 − 𝑏agg൯ .   (9) 

These error rates characterize a hypothetical “aggregate inspector” whose decisions result from majority aggregation of 
the individual inspectors' assessments. In other words, aagg is the probability that a truly conforming unit is classified as defective 
by the majority, while bagg is the probability that a truly defective unit is classified as conforming by the majority. Their exact 
expressions are given by (10) and (11): 

1 − 𝑎agg = ෍  ௠
௦ୀ௤ ⎩⎪⎨

⎪⎧ ෍ ൥ෑ (1 − 𝑎௜)௜∈஺ ൩஺⊆{ଵ,…,௠}|஺|ୀ௦
∙ ൥ෑ 𝑎௜௜∉஺ ൩ ⎭⎪⎬

⎪⎫       ⟹     𝑎agg = 1 − ෍  ௠
௦ୀ௤ ⎩⎪⎨

⎪⎧ ෍ ൥ෑ (1 − 𝑎௜)௜∈஺ ൩஺⊆{ଵ,…,௠}|஺|ୀ௦
∙ ൥ෑ 𝑎௜௜∉஺ ൩ ⎭⎪⎬

⎪⎫  , (10) 
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𝑏agg = ෍  ௠
௦ୀ௤ ⎩⎪⎨

⎪⎧ ෍ ൥ෑ 𝑏௜௜∈஺ ൩ ∙ ൥ෑ (1 − 𝑏௜)௜∉஺ ൩஺⊆{ଵ,…,௠}|஺|ୀ௦ ⎭⎪⎬
⎪⎫ . (11) 

In (10), A denotes a possible subset of s inspectors (out of m) who classify a truly conforming unit as defective; similarly, in 
(11), A denotes a possible subset of s inspectors (out of m) who classify a truly defective unit as conforming. A step-by-step 
derivation of (10) and (11) is provided in Maisano et al. (2025). If all inspectors are error-free, then aagg = bagg = 0, so that p'agg 
= p and (8) collapses to the ideal SSP model in (1). This limiting case confirms that the multiple-inspector model is consistent 
with the classical model in the absence of inspection errors (Maisano et al., 2025). 

III. METHODOLOGY 
The empirical analysis consists of constructing and comparing a large set of OC curves for multiple-inspector SSPs affected 

by inspection errors. For each multiple-inspector configuration, the corresponding ideal Type-B OC curve with the same (n, c) 
parameters and no inspection error is used as a benchmark. The closer the multiple-inspector OC curve lies to that benchmark, 
the more stable and robust the design is considered to be.  

Four factors are varied. First, the aggregation sequence is changed, comparing rows-first and columns-first. Second, the 
SSP parameters are varied by considering n ∈ {4, 9, 14} and c ∈ {0, 1, 2}, which produces nine distinct (n, c) combinations 
ranging from relatively severe to relatively indulgent SSPs. Third, the number of inspectors is varied by considering groups of size 
m = 3, 5 and 7. Fourth, two error-rate scenarios are introduced: a low-error scenario L, meant to represent inspectors with strong 
familiarity with the product, and a high-error scenario H, intended as an extreme stress test. 

A realistic set of seven hypothetical inspectors, denoted i1 to i7, is used throughout the analysis. In the scenario L, the values 
of ai and bi were generated from a normal distribution with mean 4% and standard deviation 2%, in line with empirical evidence 
that inspection errors in industrial settings are often only a few percent. In the scenario H, the values were generated from a 
normal distribution with mean 18% and standard deviation 4%. Those higher values are intentionally severe, because the 
objective is to test the model under highly unfavourable conditions. The three inspector subsets correspond to the first 3, the 
first 5, and all 7 inspectors listed in Table 1. 

Table 1. Error rates (ai and bi) of seven hypothetical inspectors (i1 to i7) across two error-rate scenarios: low error rates (L), assuming that inspectors have strong 
familiarity with the inspected units, and high error rates (H), assuming only partial familiarity. Inspectors are grouped into three subsets of size m = 3, 5 and 7. 

Inspector L scenario H scenario 
 ai bi ai bi 

i1 5.3% 2.6% 17.4% 13.2% 
i2 4.3% 4.2% 13.4% 23.0% 
i3 6.5% 6.0% 14.1% 16.8% 
i4 5.5% 3.6% 13.6% 22.9% 
i5 2.9% 4.7% 13.2% 19.7% 
i6 4.1% 2.4% 15.5% 21.3% 
i7 3.1% 3.0% 25.5% 15.6% 

 

group of m=3 inspectors 

group of m=5 inspectors 

group of m=7 inspectors 
 

For each of the nine (n, c) configurations, thirteen OC curves are therefore constructed: one ideal OC curve and twelve 
multiple-inspector OC curves obtained from the combination of two aggregation sequences, three values of m and two error-
rate scenarios. The total number of OC curves analysed is therefore given by: (3 ⋅ 3) ⋅ [1 + 2 ⋅ (2 ⋅ 3)]   =  9 ⋅ 13  =  117 .   (12) 

The focus is on the overall shape of the OC curves, their deviations from the ideal benchmark at different levels of 
defectiveness, and the way those deviations change when the aggregation sequence, the number of inspectors or the error 
scenario change. This design was intended to address RQ1 and RQ2, and to provide the empirical basis required for the CJT 
interpretation developed later. 

IV. RESULTS AND INTERPRETATION 

A. Presentation of the results 
For each of the nine (n, c) configurations, Fig. 3 compares the ideal Type-B OC curve with the twelve multiple-inspector OC 

curves obtained under the two aggregation sequences, the three values of m and the two error scenarios. The dashed line 
represents the ideal SSP. The red curves correspond to scenario L and the blue curves correspond to scenario H. For each 
(n, c), the upper graph refers to rows-first aggregation and the lower graph to columns-first aggregation. Some panels in Fig. 3 
are shown on the full domain p∈[0, 1], while others are restricted to p∈[0, 0.4], because the largest deviations from the ideal 
benchmark are concentrated at relatively low defectiveness. This already points to the dominant role of false-defective 
classifications.  

Let us consider first the rows-first sequence. In general, the deviations from the ideal OC curve are substantial, especially 
under scenario H, and they are almost always downward, meaning that the resulting plan is more severe than intended. Even 
under scenario L, noticeable deviations remain in several configurations. The discrepancy tends to be stronger for relatively 
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large n and relatively small c, that is, for sampling plans that are already intrinsically severe; the combination n = 14, c = 0 is 
one of the clearest examples. A first apparently counterintuitive result concerns the role of the number of inspectors m under 
rows-first aggregation. In scenario L, increasing m often makes the aggregated OC curve closer to the ideal benchmark. At 
first sight, this seems consistent with the intuitive idea that more inspectors should improve reliability. Yet, in scenario H, the 
pattern is not monotonic. For some severe plans, increasing m worsens the deviation from the ideal curve rather than reducing 
it. In other words, adding inspectors can amplify, rather than attenuate, the distortion. Overall, rows-first aggregation may yield 
multiple-inspector SSPs whose severity and discriminatory power differ markedly from those of the ideal reference SSP. In most 
cases the deviation is downward, meaning that good lots are rejected more frequently than expected. Rare exceptions 
appear for very indulgent plans, particularly when n is small and c is relatively large, as in the case n = 4, c = 2; there, some 
curves may lie above the ideal benchmark because false conformings partly offset the effect of false defectives and delay 
the decline of the acceptance probability as p increases. 
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Fig. 3. Type-B OC curves for multiple-inspector SSPs involving m = 3, 5 and 7 inspectors, considering both aggregation sequences, rows-first and columns-first. Nine 
combinations of n and c are examined, and for each combination two error scenarios are analysed (L and H). The dashed curve represents the ideal SSP with 
no inspection errors; red curves refer to scenario L and blue curves to scenario H. 
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The picture changes sharply under columns-first aggregation. In scenario L, the corresponding multiple-inspector OC curves 
almost perfectly overlap the ideal benchmark for nearly all (n, c) combinations. Even in scenario H, the agreement remains 
good overall, especially when m = 5 and even more when m = 7. The only clearly visible discrepancies are typically associated 
with m = 3, and even then, they remain moderate compared with those found under rows-first aggregation. The practical 
implication is straightforward: of the two sequences, columns-first is clearly superior in terms of robustness and stability with 
respect to the ideal OC curve, especially when inspection errors are non-negligible. Moreover, in most configurations the 
increase of m has a stabilizing effect under columns-first aggregation, whereas under rows-first aggregation the same increase 
can be either beneficial or detrimental depending on the operating conditions. At this point, however, three issues still require 
explanation. First, why can a mere change in aggregation order produce such different outcomes when all input data are 
identical? Second, why does increasing m usually help under columns-first aggregation but sometimes hurt under rows-first 
aggregation? Third, why are deviations from the ideal OC curve mostly downward, with only rare upward exceptions? A purely 
descriptive reading of Fig. 3 does not provide a satisfactory answer. The next subsections address that gap by using CJT as an 
interpretive framework. 

B. Concise summary of CJT 
The majority criterion is classically justified in social choice theory through the CJT. This theorem is a standard formal 

argument behind the idea that, under appropriate conditions, groups can identify the truth more reliably than individuals. In 
the present context, it provides a useful bridge between the mathematics of multiple-inspector SSPs and the behaviour 
observed in the OC curves (Condorcet, 1785; Grofman et al., 1983; Dietrich and Spiekermann, 2019). 

Consider a binary state  ∈ {0, 1}, for example the true status of a sampled unit as conforming or defective. Each inspector 
i = 1, …, m expresses a binary assessment Ji ∈ {0, 1}. In the classical CJT setting, three assumptions are made: (i) one alternative 
is objectively correct and the other is objectively wrong; (ii) every inspector has the same probability w of giving the correct 
answer; and (iii) inspectors' judgments are mutually independent. Under those assumptions, if s denotes the total number of 
correct judgments among the m inspectors, then s follows a binomial distribution and the probability that the majority is correct 
is given by (Boland, 1989; Ladha, 1992; Ladha, 1995): 

𝑊 = 𝑃(𝑠 ≥ 𝑞) = ෍ ቀ𝑚𝑠 ቁ ∙ 𝑤௦ ∙ (1 − 𝑤)௠ି௦௠
௦ୀ௤ , (13) 

where the majority threshold q is analogous to that defined in (7). Fig. 4 shows the family of curves defined by (13); the 
horizontal axis reports the probability w that a single inspector is correct, while the vertical axis reports the probability W that 
the majority of m inspectors is correct.  

m = 1 
m = 3 
m = 7 
m = 25 
m = 99 

W 

w 

m 

m 

 
Fig. 4. Graphical representation of the probability W as a function of w for different values of m, according to the model in (13). On the horizontal axis, w denotes 
the probability that a single inspector gives the correct assessment in a binary decision problem; on the vertical axis, W denotes the probability that the majority 
of m inspectors is collectively correct. Under independence and equal competence, increasing m makes W increasingly similar to a step function centered at 
w = 0.5. 

The theorem implies that W is an increasing function of w, but the crucial feature is the threshold at w = 0.5. If w > 0.5, 
increasing the group size m increases W, and W tends to 1 as m grows. If w < 0.5, the opposite happens: increasing m drives W 
toward 0. If w = 0.5, majority voting is no better than a random guess (Boland, 1989; Fey, 2003). The operational meaning is 
simple but powerful: majority voting amplifies the individually more likely alternative; if each individual is, on average, more 
likely to be correct than wrong, then majority improves collective performance. If each individual is, on average, more likely 
to be wrong than correct, majority makes the collective decision even worse. Moreover, for larger m, the curve around w = 
0.5 becomes steeper, so small changes around the threshold can produce abrupt changes in group performance. This 
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property is especially important for interpreting the multiple-inspector SSP results, because the probability being aggregated is 
not the same in the two aggregation sequences (List and Goodin, 2001; Dietrich and Spiekermann, 2019). 

C. Interpretation of the results in light of the CJT 
To apply the CJT to the present problem, it is useful to distinguish three binary decision problems. In the rows-first sequence, 

majority is applied to local LDDs. In the columns-first sequence, majority is applied to unit-level assessments, and two distinct 
cases must be considered: a truly conforming unit and a truly defective unit. Table 2 summarizes this mapping (Condorcet, 
1785; Boland, 1989). 

Table 2. Interpretation of the two aggregation sequences in light of the CJT. 

Aggregation 
sequence 

Binary decision problem and definition of 𝜃 Probability (𝒘) that the individual 
inspector assigns  = 1 

Probability (𝑾) that the majority of 
inspectors assign  = 1  

Columns-first Problem 1: Assessment of a sampled unit that is truly 
conforming 
Definition:   
 = 0: unit classified as defective;  
 = 1: unit classified as conforming. 
Note: In this problem, the objectively correct alternative 
is  = 1.  

Probability: 1 – ai 
Note: The parameter ai may vary across 
inspectors and across product types, 
and is generally difficult to estimate. 
Even under relatively unfavourable 
conditions, the probability 1 – ai is 
unlikely to fall below 0.5.  

Probability: 1 – aagg 
Note: Since 1 – ai is expected to 
be greater than 0.5 in most 
practical situations, the CJT yields 
a beneficial aggregation effect: 
as m increases, 1 – aagg tends to 
increase. 
 

Columns-first Problem 2: Assessment of a sampled unit that is truly 
defective 
Definition:   
 = 0: unit classified as conforming; 
 = 1: unit classified as defective. 
Note: The objectively correct alternative is again  = 1, 
since the alternatives are the exact opposite of those in 
Problem 1. 

Probability: 1 – bi 
Note: The parameter bi may vary across 
inspectors and across product types, 
and is generally difficult to estimate. 
Even under relatively unfavourable 
conditions, the probability 1 – bi is 
unlikely to fall below 0.5. 

Probability: 1 − 𝑏agg 

Note: Since 1 – bi is expected to 
be greater than 0.5 in most 
practical situations, the CJT yields 
a beneficial aggregation effect: 
as m increases, 1 – bagg tends to 
increase. 

Rows-first Problem 3: Lot acceptance/rejection 
Definition:  
 = 0: lot rejection;  
 = 1: lot acceptance. 
Note: Unlike the standard CJT setting, this problem does 
not involve an objectively correct versus incorrect 
alternative. Only some reference (complementary) 
probabilities can be defined as a function of p: 1 – Pa for 
state  = 0 and Pa for state  = 1, with respect to the ideal 
OC curve agreed upon by customer and supplier (cf. 
Sect. II.A).   

Probability: Pa, i 
Note: Pa, i is affected by inspection errors 
ai and bi, which may vary across 
inspectors. For relatively low values of p, 
the effect of ai tends to dominate, 
leading to a decrease in Pa, i relative to 
the ideal OC curve. For relatively high 
values of p, the effect of bi tends to 
dominate, leading to an increase in Pa, i 
relative to the ideal OC curve. 
 

Probability: Pa, agg 
Note: Pa, agg is computed 
according to (6). 
 

 
To simplify the description, first consider the columns-first sequence. In Problem 1 of Table 2, the inspected unit is truly 

conforming; the objectively correct alternative is therefore to classify the unit as conforming. The probability that the i-th 
inspector makes the correct assessment is w = 1 – ai, while the probability that the majority makes the correct assessment is 
W = 1 – aagg. In the special case in which all inspectors have the same false-defective probability ai = a, (10) collapses to the 
standard binomial form of the CJT. More generally, even when inspectors are heterogeneous, the qualitative implication 
remains the same: majority amplifies the individually more likely alternative (Boland, 1989; Grofman et al., 1983). In realistic 
inspection settings, 1 – ai is typically greater than 0.5 for all inspectors. Therefore, majority aggregation acts in the favourable 
regime of the CJT, and the aggregated false-defective probability decreases as the number of inspectors increases. This 
limiting behaviour is expressed by (14) (Condorcet, 1785; Boland, 1989). lim௠→ஶ = 1 − 𝑎ୟ୥୥ = 1 or lim௠→ஶ = 𝑎ୟ୥୥ = 0, (14) 

The same logic applies to Problem 2, in which the inspected unit is truly defective. Here the correct alternative is to classify 
the unit as defective, so the individual probability of correct assessment becomes w = 1 – bi, while the probability that the 
majority is correct is W = 1 – bagg. Under homogeneous error rates, (11) again collapses to the classical CJT expression. Because 
1 – bi is also normally greater than 0.5 in plausible industrial settings, the majority aggregation reduces bagg as m increases, as 
expressed in (15) (Condorcet, 1785; Boland, 1989). lim௠→ஶ = 1 − 𝑏ୟ୥୥ = 1 or lim௠→ஶ = 𝑏ୟ୥୥ = 0, (15) 

 
Taken together, these two effects explain why columns-first aggregation is so stable. When both aggregated error rates 

aagg and bagg decrease, the apparent defectiveness p'agg in (9) approaches the true defectiveness p. Consequently, the OC 
curve in (8) approaches the ideal OC curve in (1). This is exactly what Fig. 3 shows: near-perfect adherence under scenario L 
and good robustness even under the deliberately severe scenario H, especially when m is larger. In other words, when majority 
voting is applied at the unit level, the multiple-inspector system behaves like a progressively better (“aggregate”) inspector as 
the number of individual inspectors increases. The only situation in which the CJT would work against this mechanism would be 
one in which inspectors were, on average, worse than a random classifier, that is, if ai or bi exceeded 0.5. Such a condition is 
unrealistic in the contexts for which redundant industrial inspection is contemplated (Boland, 1989; Dietrich and Spiekermann, 
2019). 



 

86 
 

The rows-first sequence is structurally different; majority is not applied to unit-level assessments but to LDDs. The relevant 
quantity for the i-th inspector is therefore not 1 – ai or 1 – bi, but the local acceptance probability Pa, i given by (5). This 
probability depends simultaneously on the true defectiveness p, the inspection-error rates (ai, bi) and the intrinsic severity of 
the sampling plan (n, c). As a result, the probability being aggregated can move above or below the critical CJT threshold 
of 0.5 depending on the operating region. For relatively low values of p, false-defective classifications tend to dominate; 
even when the lot is good, some sampled units can be perceived as defective, which reduces Pa, i compared with the ideal 
OC curve. In severe plans, or under high-error conditions, the reduction can be strong enough to push Pa, i below 0.5 over a 
meaningful portion of the low-defectiveness region. Once this happens, majority aggregation enters the unfavourable 
regime of the CJT: the individually more likely alternative becomes rejection, so majority amplifies rejection. As the number of 
inspectors increases, the global acceptance probability Pa, agg can collapse rapidly toward zero. This explains why rows-first 
OC curves are often excessively severe and why, under scenario H, increasing m may worsen the deviation. For higher values 
of p, the ideal acceptance probability is already small. In that region, many inspectors naturally have Pa, i < 0.5, so majority 
again pushes the aggregated acceptance probability downward. This is why the deviations in rows-first aggregation are so 
often negative over wide portions of the domain. The result is a plan that rejects lots far more aggressively than the benchmark 
agreed upon by customer and supplier (cf. Sect. II.A). 

The rare upward deviations observed for highly indulgent plans are also understandable in this framework. When n is small 
and c is relatively large, false-conforming errors bi can partly neutralize the effect of false defectives and delay the decline of 
Pa, i as p increases. If Pa, i remains above 0.5 over a wider interval of p, majority aggregation amplifies acceptance rather than 
rejection. In such cases, the rows-first OC curve may rise above the ideal benchmark. This is unusual, but it is fully consistent with 
the CJT: majority simply strengthens whichever alternative is individually more likely. The most important implication is that 
increasing the number of inspectors is not intrinsically beneficial. Its effect depends on the side of the 0.5 threshold on which 
the aggregated probabilities lie. Under columns-first aggregation, the probabilities being aggregated are usually 1 – ai and 
1 – bi, both typically larger than 0.5; hence a larger m stabilizes and improves the design. Under rows-first aggregation, the 
probabilities being aggregated are the local lot-acceptance probabilities Pa, i, which can erroneously cross below 0.5. In that 
case, a larger m amplifies the wrong tendency. This structural difference explains the overall superiority of the columns-first 
sequence in the presence of inspection error (Condorcet, 1785; Boland, 1989; Dietrich and Spiekermann, 2019). 

V. CONCLUSIONS 
This study has shown that, in attribute sampling plans with multiple inspectors, the aggregation sequence is not a secondary 

implementation detail; it is a design factor capable of substantially changing the severity and discriminatory power of the 
resulting OC curve. The ideal single-inspector, zero-error OC curve was used as the natural benchmark because it is the 
reference typically shared by supplier and customer when a sampling plan is designed. If a multiple-inspector extension is 
adopted to mitigate inspection error, one would ideally like the resulting OC curve to remain close to that benchmark. In 
practice, however, the individual error rates ai and bi are not always known and may vary across products, over time and 
across operating conditions. This makes it especially important to identify multiple-inspector configurations that are robust even 
when those parameters are only approximately known.  

The results obtained here indicate that columns-first aggregation combined with majority voting is generally the most robust 
option (cf. RQ1). Its OC curves stay close to the ideal benchmark under mild error rates and remain reasonably stable even 
under very adverse conditions. In addition, the stabilizing effect tends to increase with m (Burke et al., 1995; Franceschini et al., 
2025). Rows-first aggregation behaves very differently. Its deviations from the benchmark are already visible under low error 
rates and become pronounced under high error rates, particularly for severe plans with large n and small c (cf. RQ2). In those 
settings, false-defective classifications dominate at low defectiveness and drive local acceptance probabilities downward. 
Majority aggregation then amplifies rejection, yielding an OC curve that is often much more severe than intended. This 
mechanism also explains why increasing m may sometimes worsen performance rather than improve it. 

CJT provides a unified explanation for these results. Majority voting is beneficial only when the probability being aggregated 
is individually more likely than not to be correct (cf. RQ3). Under columns-first aggregation, majority acts on unit-level 
assessments, where individual correctness is typically above 0.5; therefore, the theorem works in favour of the design and 
redundancy tends to stabilize the OC curve. Under rows-first aggregation, majority acts instead on local LDDs, whose 
acceptance probabilities depend jointly on defectiveness, inspection error and plan severity and may fall below the 0.5 
threshold. In that regime, majority voting amplifies rejection rather than correcting random mistakes, producing the instability 
and excessive severity observed in the OC curves (Condorcet, 1785; Grofman et al., 1983; Boland, 1989).  

This distinction is particularly relevant for safety-critical and high-value sectors, such as aerospace, nuclear, medical-device 
or precision manufacturing, where the consequences of an erroneous LDD may be disproportionate. For instance, in the 
acceptance inspection of a lot of turbine components, electronic modules or safety-related mechanical parts, redundant 
inspection may be introduced to reduce the risk of overlooking defective units. The present results show, however, that 
redundancy alone is not sufficient: the sequence by which individual judgements are aggregated can substantially affect the 
final OC behaviour. In this perspective, columns-first aggregation is preferable because it first consolidates inspectors’ 
judgements at the item level, limiting the propagation of local classification errors to the final LDD. Conversely, rows-first 
aggregation may lead to overly severe or unstable decisions, with unnecessary re-inspection, scrap, delay or rejection costs. 

Accordingly, when redundant inspection is justified and inspection-error rates are difficult to estimate, multiple-inspector 
SSPs should preferably rely on columns-first aggregation with majority voting.  Even m = 3 inspectors can provide a meaningful 
stabilizing effect, whereas rows-first designs should be adopted with caution and preferably only after verifying their behaviour 
under realistic error-rate and defectiveness scenarios (Maisano et al., 2025). 
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The study has some limitations that also point to future work. Firstly, only the simplest class of attribute plans, namely SSPs, 
was considered. Secondly, only Type-B OC curves were analysed, whereas Type-A curves would be needed in the case of 
isolated lots where the condition n ≪ N is not met (Montgomery, 2019). Thirdly, only majority voting was studied in the 
aggregation step, because unanimity had already been shown to be excessively punitive under realistic error conditions. 
Fourthly, the analysis assumed independent inspectors; correlated errors remain an important extension. Future studies could 
therefore extend the comparison to more complex plans, include Type-A curves and integrate economic considerations such 
as inspector cost, the cost of erroneous LDDs and the trade-off between robustness and inspection effort (Kenett et al., 2023; 
Maisano et al., 2025). 
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