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Abstract
Purpose – This research addresses Industry 4.0 (I4.0) adoption challenges among logistics small- and medium-
sized enterprises (SMEs), with a focus on improving warehouse goods movement. Considering SMEs’ 
constraints (e.g. limited resources, expertise and readiness), the study develops Logistics Industry 4.0 Readiness 
and Assessment (LIRA), a strategic dashboard to assess preparedness for digital transformation.
Design/methodology/approach – The study employs a conceptual research approach to develop the LIRA 
dashboard. The methodology involves a literature-driven theoretical model development. The dashboard 
development includes: assessing organizational readiness through Foundational Building Blocks; defining the 
technological domain for goods movement in warehouse logistics; evaluating Operational Conditions; and 
applying an adapted ROI 4.0 model to evaluate the profitability of I4.0 investments.
Findings – The research yields a dashboard system to support SMEs’ I4.0 journey. The dashboard integrates a 
readiness assessment model with adapted ROI 4.0, enabling SMEs to evaluate their preparedness for I4.0 
adoption and to estimate the return on I4.0 investment.
Research limitations/implications – As a conceptual study, it requires empirical validation. Limitations 
include its focus on warehouse internal logistics and specific I4.0 technologies [augmented reality (AR), 
automated guided vehicle, radio-frequency identification]. Future research could explore the broader 
applicability and potential of additional technologies.
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Practical implications – The framework provides SMEs with a practical tool to assess their I4.0 readiness, 
supporting informed decisions on technology investments and optimizing implementation strategies for 
economic, operational and environmental benefits.
Originality/value – This research provides a tailored dashboard to address SMEs’ I4.0 adoption challenges. It 
highlights the strategic deployment of I4.0 to drive operational efficiency and sustainability. It further adapts the 
ROI 4.0 financial assessment model to the logistics domain, integrating readiness assessment with financial and 
non-financial impact evaluation, thereby enabling a more holistic and context-sensitive assessment of I4.0 
investments.
Keywords Return on investment, SMEs, Transport, Industry 4.0
Paper type Research article

1. Introduction
The rapid advancement of innovative information and communication technologies has been 
piloted in Industry 4.0 (I4.0), a transformative paradigm that integrates them within the 
manufacturing and production systems, by generating a digital sphere in which products and 
processes are digitally interlinked, allowing organizational processes to be more efficient 
(Barreto et al., 2017).

The influence of I4.0 extends beyond manufacturing into logistics and supply chain 
management, where terms like “Logistics 4.0” or “Smart Logistics” capture the critical role of 
digital transformation in improving transparency, adaptability and efficiency throughout the 
value chain (Kayikci, 2018). For instance, Winkelhaus and Grosse (2020) refer to Logistics 4.0 
as “the logistical system that enables the sustainable satisfaction of individualized customer
demands without an increase in costs and supports this development in industry and trade
using digital technologies”. Such a definition places Logistics 4.0 both in terms of logistical 
efficiency and sustainability, whether it is economical, environmental or social.

In this perspective, Logistics 4.0 has fundamentally redefined logistics activities, including 
warehouse management practices, enhancing production efficiency and reshaping supply 
chain dynamics (Kayikci, 2018). Specifically, the adoption of pivotal I4.0 technologies within 
warehouse operations, such as Internet of Things (IoT), artificial intelligence, Big Data 
Analysis, Cloud Computing, Robotics and Automation, enables flexibility and adaptability of 
inventory handling, order fulfillment and material flows by supporting real-time transparency, 
autonomous management and decentralized operations (Khan et al., 2022; Perotti et al., 
2022a, b; Sun et al., 2022). Furthermore, their adoption can deliver economic, environmental 
and social sustainability benefits such as enhancing energy efficiency, reducing greenhouse 
gas emissions and improving working conditions by automating repetitive tasks (Sony, 2020).

Despite its transformative potential, the adoption of I4.0 technologies presents notable 
challenges, particularly for small- and medium-sized enterprises (SMEs). While large 
organizations often lead the implementation of advanced manufacturing and logistics systems, 
logistics SMEs encounter barriers such as constrained financial resources, limited 
technological expertise and insufficient organizational readiness (Tubis and Grzybowska, 
2022; Mittal et al., 2018).

In this context, assessing the readiness of logistics SMEs to implement I4.0 technologies 
and unlock their potential benefits becomes crucial. Moreover, the adoption of 4.0 
technologies – especially for SMEs with limited financial resources and expertise – 
requires a thorough economic cost-benefit analysis (Caylar et al., 2016; Giannetti et al., 
2021). Assessing the economic feasibility and impact of I4.0 solutions is crucial, enabling 
companies to weigh initial investments against benefits such as cost reduction, efficiency 
gains, revenue growth, operational flexibility, risk minimization and enhanced environmental 
and social sustainability.

The “digital paradox” (Gebauer et al., 2020) highlights the challenge companies face in 
achieving financial gains despite heavy investments in digital technologies. This stems from 
the diversity of I4.0 technologies, which vary in scope, maturity, costs, interdependence and 
benefits (Di Nardo et al., 2025; Perotti et al., 2022a, b). Such variability creates uncertainty, as
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the impact of these technologies depends on how they reshape operations. Some companies 
experience only minor changes (Pandya and Kumar, 2023), while others undergo significant 
transformations (Meier, 2020). The lack of reliable data and standardized evaluation methods 
further complicates cost-benefit analysis (Joppen et al., 2019).

Technological Readiness for I4.0 in logistics SMEs is defined as the degree to which an 
organization’s managerial, cultural and operational capabilities – including leadership, 
employee acceptance, process standardization, information flows and systems integration – 
enable the effective adoption and exploitation of I4.0 technologies in logistics processes (Sony 
and Naik 2020; Mittal et al., 2018).

From this perspective, most readiness models for the adoption and implementation of I4.0 
have been developed for large firms, such as the IMPULS model (Lichtblau et al., 2015) and 
the Manufacturing Readiness Index (Jung et al., 2016). Only a few frameworks address SMEs, 
and none of them is explicitly designed for logistics SMEs. For example, the framework 
developed by Qin et al. (2016) identifies enabling technologies for automation and 
intelligence, but it does not translate these insights into a structured readiness index or clear 
benchmarking levels. Similarly, the guidelines proposed by Anderl and Fleischer (2019) 
(VDMA) introduce a five-phase toolbox (preparation, analysis, creativity, evaluation and 
implementation) to support I4.0 adoption; however, they do not define explicit criteria or 
metrics for measuring readiness or tracking progress across phases.

Models tailored to SMEs often overlook managerial, financial, cultural and sustainability 
dimensions or lack concrete mechanisms for assessing readiness and costs, managing the 
transition towards I4.0.

This creates a methodological and practical gap: logistics SMEs lack an integrated tool that 
(1) captures their managerial and operational readiness for I4.0 in logistics processes and (2) 
links this readiness to the expected economic and sustainability impacts of specific 
technological options.

Based on the considerations above, this paper addresses the following overarching research 
question:

RQ. How can logistics SMEs systematically assess their readiness for I4.0 in warehouse 
management, and link this readiness to the expected economic and sustainability 
impacts of I4.0 technology investments?

To answer this question, the study adopts a dual perspective. Firstly, it develops a readiness 
model that captures the key organizational and operational dimensions enabling logistics 
SMEs to adopt I4.0. Secondly, it integrates this readiness diagnosis with an impact assessment 
module that supports ex ante and ex post evaluation of the economic and sustainability 
implications of alternative technology scenarios.

Specifically, this study introduces the Logistics Industry 4.0 Readiness and Assessment 
(LIRA) strategic dashboard to assess the managerial and operational readiness of logistics 
SMEs. The tool combines a logistics readiness model with a profitability and sustainability 
evaluation approach that is based on an adapted version of the ROI 4.0 framework, tailored to 
the technological domain of warehouse management. The dashboard is based on six 
dimensions that shape logistics readiness for I4.0 – Collaboration, Connectivity, 
Adaptiveness, Integration, Autonomous Control and Cognition – and structurally integrates 
organizational culture, leadership and employee acceptance alongside process 
standardization, information flows and systems integration. In doing so, it addresses sector-
and size-specific constraints of logistics SMEs in terms of resources and capabilities.

Building on an adapted version of ROI 4.0, LIRA embeds readiness into an integrated 
decision-support system that translates diagnostic results into economic and non-economic 
impact indicators, including selected environmental sustainability metrics. The primary 
contribution of the dashboard is therefore to provide logistics SMEs with a clear, staged 
roadmap to identify specific bottlenecks, prioritize targeted interventions and evaluate the 
expected returns and costs of I4.0 investments in warehouse management.
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By addressing these critical aspects, this study contributes to the growing body of 
knowledge on I4.0 adoption, particularly within SMEs in the logistics sector and offers 
actionable insights for fostering sustainable and innovative logistics practices. The paper is 
structured as follows: Section 2 provides a theoretical overview of the factors influencing the 
diffusion of I4.0 technology in logistics SMEs. Section 3 outlines the development and 
operationalization of the LIRA dashboard. Section 4 discusses LIRA’s potential as a strategic 
tool, while the final section highlights limitations and future research directions.

2. Literature background on I4.0 readiness and impact assessment in logistics SMEs
2.1 Readiness dimensions for I4.0 adoption in logistics SMEs in warehouse management
The literature conceptualizes I4.0 readiness through a set of organizational dimensions that 
influence the capacity of logistics SMEs to adopt digital technologies (Hofman and R€usch, 
2017; Kayikci, 2018; Sony and Naik, 2020).

The implementation of I4.0 technologies within the logistics SMEs introduces significant 
organizational change and increased system complexity (Winkelhaus and Grosse, 2020). 
Specifically, logistics activities must adapt to the dynamic requirements of decentralized 
production environments by leveraging smart technologies for real-time monitoring, transport 
management and risk mitigation (Hofmann and Rusch, 2017).

Many logistics SMEs still struggle to adopt I4.0 technologies due to the challenges that 
need to be addressed. Among these, financial constraints, fragmented strategies, 
infrastructural and cultural barriers (Perotti et al., 2022b) are notable. This is true for all 
logistics activities, including warehousing, which have evolved from repositories for 
inventory into multi-functional logistics hubs (Onstein et al., 2020), through which goods, 
information and services flow. This evolution has necessitated meeting higher requirements in 
terms of efficiency and service level fulfilment (Kembro, J.H. et al., 2018). Part of the 
literature agrees that benefits derived from the adoption of I4.0 technologies [radio-frequency 
identification (RFID) scanners and tags, IoT sensors, automated guided vehicles (AGVs) and 
Autonomous Mobile Robots (AMRs)] affect warehouse operations by optimizing processes 
through flexibility increase, traceability and visibility of the goods handled within warehouses 
(Khan et al., 2022; Perotti et al., 2022a, b). In view thereof, assessing the readiness of logistics 
SMEs is therefore crucial to enable them to fully exploit the benefits associated with the 
implementation of I4.0. To achieve this, firms must be adequately prepared at the 
organizational, strategic and financial levels (Balasingham, 2016).

To assess an organization’s readiness for I4.0 technologies, various readiness models have 
been developed and used. Precisely, they are used to assess the organization’s preparedness, 
including its resources, conditions and attitudes, to achieve specific goals. However, current 
ones, while comprehensive in some aspects, often lack SME-specific adaptations, focusing 
more on technical, production and technological criteria without considering managerial 
criteria and logistics, which is a key aspect of SMEs’ propensity.

In view thereof, we considered Kayikci’s (2018) six characteristics used to build an 
efficient and sustainable logistics system and adapted them to serve as both managerial and 
operational dimensions to assess the readiness of logistics SMEs’ warehouse activities, 
particularly the movement of goods.

Collaboration is defined as inter-organizational clusters to enhance efficiency and 
reliability (Kayikci, 2018). This concept is emphasized by Cichosz et al. (2020), who argue 
that collaboration is a strategic alliance in which companies share physical facilities and 
technological knowledge.

Adaptiveness refers to the ability to respond dynamically to internal and external changes 
(Kayikci, 2018). Essentially, an “adaptability-oriented” enterprise promptly adjusts 
autonomously and addresses new challenges (Kortmann, 2015).

Kayikci’s (2018) cognition dimension describes intelligent machines that learn, adapt and 
make decisions to optimize operations. However, we adapted it by assuming a managerial
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perspective. From this standpoint, we can analyse employees’ resistance to or acceptance of 
change and top management commitment (Sony and Naik, 2020).

Connectivity refers to a technology’s ability to serve as an interface among systems, 
devices and processes, enabling communication and information transfer (Kayikci, 2018). 
This level of transparency is vital not only for monitoring operations but also for implementing 
strategies that optimize production efficiency. The exchange of data is pivotal for establishing 
processes that are tightly coupled with digital decision-making systems (Charles et al., 2023).

Integration refers to the linkage among systems and processes to facilitate real-time 
operations, creating a unified system where human factors, departmental relationships and 
technology operate as a unique, productive flow (Kayikci, 2018; P�erez-Lara et al., 2020).

Finally, Autonomous Control enables decentralized decision-making through which 
industrial operations can become more self-sufficient and responsive (Ca~n;as et al., 2021).

2.2 Capital budgeting and performance measurement systems for investment evaluation:
the need to balance reliability and feasibility
Firms typically employ capital-budgeting techniques to support structured, financially 
grounded investment decisions (Brealey et al., 2020). Among these methods, Net Present 
Value (NPV) is considered a central investment appraisal tool that measures value creation by 
discounting future cash flows at a rate that reflects project risk, thereby accounting for the 
timing of costs and benefits (Gaspars-Wieloch, 2019). A similarly prominent metric is the 
Internal Rate of Return (IRR), defined as the discount rate that sets the NPV to zero. Its 
intuitive percentage format facilitates comparisons, but it can produce multiple (or no) 
solutions for non-conventional cash flows and may mis-rank mutually exclusive projects that 
differ in scale or timing (Patrick and French, 2016). Simpler indicators include the Payback 
Period, which estimates the time needed to recover the initial outlay. Yet, its basic version 
ignores discounting, whereas the discounted payback method applies it but still ignores value 
created after the payback point (Hajdasi�nski, 1993). Another simple alternative is the 
Accounting Rate of Return (ARR), a profitability measure based on accounting earnings and 
book values rather than discounted cash flows; although often used for internal performance 
assessment, ARR provides only a partial view of investment value because it does not capture 
systematic risk and is insufficient for assessing future profitability or valuing investments 
(Pennman, 1991).

Finally, another important metric that supports investment decisions is residual income (RI) 
(Bromwich and Walker, 1998), as well as its commercial implementation, Economic Value 
Added (Stewart, 1991). Unlike discounted cash flow techniques, which require explicit 
forecasts of future cash flows, these measures can be derived largely from mandatory financial 
statements – using operating profit and the book value of invested capital – combined with an 
estimate of the firm’s cost of capital (Magni, 2009; Arena and Azzone, 2005). While RI is 
sensitive to accounting choices because it is based on accounting figures rather than market 
values, it remains accessible to SMEs, which often lack sophisticated accounting and 
information systems or reliable forward-looking cash flow projections (Bromwich and 
Walker, 1998; Bahri et al., 2011). This leads to one of the core reasons why the study adopts 
ROI 4.0: as a performance measurement system (PMS) that incorporates the RI metric, ROI 
4.0 is particularly suitable for SMEs that cannot easily implement more data-intensive 
valuation techniques such as NPV or IRR (Cinquini et al., 2019; Giannetti et al., 2021).

In any case, capital budgeting techniques, when used in isolation, offer a financial view of 
the investment (Lilian Chan, 2004). They rely on an analysis conducted from a predominantly 
monetary standpoint and therefore tend to overlook non-financial impacts (Kraus et al., 2024). 
Because I4.0 investments reshape organizational processes and often require major redesign, 
financial metrics should be complemented with indicators of customer satisfaction, output and 
process quality, operational efficiency, production flexibility, technology adoption, 
sustainability (e.g. emissions, waste), employee well-being, stakeholder perceptions,
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internal innovation and long-term strategic capability development (AL-Khatib, 2025; Dai 
and Vasarhelyi, 2023; Chiarini, 2020).

To capture both financial and non-financial impacts of investment decisions, management 
accounting literature supports the use of holistic PMS that assesses multiple dimensions of 
strategic effectiveness (Franco-Santos et al., 2012; Jochem et al., 2010). Though not originally 
designed specifically for evaluating I4.0 investments, these systems still offer the opportunity 
to obtain a comprehensive view of their impact on business processes and overall performance 
(Frederico et al., 2021).

Several alternative PMSs potentially suitable for assessing investments in innovative 
technologies have been proposed (Franco-Santos et al., 2012; Kumar et al., 2008). The 
Performance Pyramid (Lynch and Cross, 1991) offers a hierarchical link between strategic 
vision and operational measures, emphasizing the integration of financial and non-financial 
performance indicators. The Balanced Scorecard (Kaplan and Norton, 1992, 2004) broadens 
performance measurement beyond traditional financial metrics by incorporating customer, 
internal process and learning and growth perspectives. More recent versions also integrate 
sustainability measures to capture environmental and social performance (Hansen and 
Schaltegger, 2016). The Performance Prism (Neely et al., 2001, 2002) adopts a stakeholder-
centred approach that evaluates stakeholder satisfaction, their contribution to the 
organization’s success and the effectiveness of the organization’s strategies, processes and 
capabilities. An alternative approach is the Intangible Assets Monitor (Sveiby, 1997; Van 
Criekingen et al., 2022), which focuses on human, structural and relational capital to highlight 
their contributions to the effectiveness of the strategy and its implementation.

Without the intention of identifying a “best” option – given the well-established view that 
no PMS is universally appropriate and that each system requires contextual adaptation 
(Melnyk et al., 2014; Wouters and Wilderom, 2008) – existing PMS frameworks nonetheless 
exhibit significant limitations when applied to SMEs (Sgr� o et al., 2020). In particular, they 
often require strong analytical capabilities, formal planning processes and advanced 
information systems that SMEs typically lack. Moreover, their complexity and extensive 
use of multiple financial and non-financial indicators – originally designed to monitor 
performance in large organizations – make them difficult to implement in smaller, more 
informal and resource-constrained contexts (Lueg and Vu, 2015).

Given these challenges, the aim of this research is not to develop new financial techniques 
for evaluating investments in I4.0 technologies within logistics. Rather, it seeks to enhance the 
reliability of evaluations supported by existing logics and tools, particularly in SME contexts 
where managerial competencies are often limited.

This focus on the SME context aligns with a growing body of research in which scholars 
have proposed adaptations of existing PMSs or developed SME-specific frameworks to better 
meet the needs of smaller organizations (Garengo and Biazzo, 2012; Cocca and Alberti, 2010; 
Sousa and Aspinwall, 2010). ROI 4.0 represents a prominent example of the latter, as it is a 
comprehensive PMS specifically designed to address SMEs’ informational needs while 
remaining fully applicable in environments where data-collection resources are inherently 
limited (Cinquini et al., 2019; Giannetti et al., 2021). Unlike the other PMSs discussed, this 
framework was explicitly developed to assess both the economic feasibility of – and the 
broader impacts associated with – the adoption of I4.0 solutions and related investments in 
SMEs, as will be discussed in Section 3.5. This specificity constitutes a further key reason for 
its adoption in the present study.

3. Proposing LIRA: a strategic dashboard for Logistics I4.0 readiness
3.1 Dashboard development
This study employs a conceptual research approach to develop a Dashboard-Based Decision 
Support System (DSS) that helps logistics SMEs assess their I4.0 readiness and evaluate post-
implementation benefits (Power and Sharda, 2007) within warehouse activities. The
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methodology follows a literature-driven model development process, integrating key decision-
support and I4.0 readiness frameworks (Meredith, 1993; Gregor, 2006; Yigitbasioglu and Velcu, 
2012). DSSs are interactive tools that enhance decision-making by combining data analysis, 
modelling and visualization (Power, 2002). They are categorized into Model-Driven, Data-
Driven, Knowledge-Driven, Communication-Driven and Document-Driven Systems, with 
dashboards playing a key role in Data-Driven DSS by providing real-time monitoring, trend 
analysis and performance tracking (Few, 2006). Dashboards visually summarize complex data, 
supporting faster decision-making, and are classified into three types: Operational, Analytical 
and Strategic (Yigitbasioglu and Velcu, 2012). Operational dashboards focus on real-time 
monitoring, Analytical dashboards enable in-depth data exploration, while strategic dashboards 
facilitate long-term decision-making and performance assessment (Pauwels et al., 2009). 
Effective dashboards adhere to key design principles, including simplicity, relevance, 
interactivity and contextual visualization, to enhance usability and data comprehension while 
minimizing cognitive overload (Few, 2006; Jiang et al., 2022). As dashboards transform data 
into actionable insights, they are essential for I4.0 adoption, allowing SMEs to assess 
technological readiness, financial feasibility and environmental impact before investing in 
digital transformation (Pranggono and Arabo, 2021). Given the study’s objectives – evaluating 
I4.0 readiness and forecasting long-term impacts – the adoption of a strategic dashboard is the 
most appropriate approach. Strategic dashboards support high-level decision-making, aligning 
technological, operational, financial and sustainability goals over time (Pauwels et al., 2009; 
Yigitbasioglu and Velcu, 2012). Unlike operational dashboards, which focus on real-time 
monitoring, or analytical dashboards, which emphasize data exploration, strategic dashboards 
enable longitudinal performance assessment, trend analysis and strategic goal alignment. This 
makes them particularly valuable for guiding digital transformation in logistics SMEs. 
Additionally, strategic dashboards provide a structured framework for integrating diverse Key 
Performance Indicators (KPIs), helping managers prioritize initiatives based on readiness levels 
and expected return on investment (Few, 2006; Jiang et al., 2022).

Given the conceptual nature of this study, validation is conducted through comparative 
analysis with existing DSS and I4.0 frameworks, alignment with established dashboard design 
principles, and the development of a structured roadmap for future empirical testing 
(Meredith, 1993; Gregor, 2006; Pauwels et al., 2009). This research advances the field of DSS 
and I4.0 by proposing a structured decision-support framework that integrates readiness 
assessment and ROI evaluation, offering SMEs a theoretical foundation for digital 
transformation, while laying the groundwork for future empirical validation (Few, 2006; 
Yigitbasioglu and Velcu, 2012).

In particular, the assessment of an SME’s readiness for I4.0 progresses through a sequence 
of four stages (Figure 1). The first stage evaluates the Foundational Building Blocks (FBBs), 
which are essential for measuring the organization’s propensity towards I4.0. This stage 
examines core organizational characteristics – Collaboration, Adaptiveness and Cognition – to 
determine whether the SME possesses the necessary managerial mindset.

Following this, the second stage involves identifying the Technological Domain. This stage 
selects a specific area of the SME’s operations – i.e. the movement of goods within a 
warehouse – and identifies pertinent I4.0 technologies.

The third stage, the Operational Conditions (OCs) assessment, evaluates the current state of 
the SME’s operations within the chosen technological domain. This stage provides a baseline 
measurement of existing practices and identifies gaps that need to be addressed before or 
alongside technology implementation.

These three stages are prerequisites for constructing the Overall Readiness Index (ORI). 
ORI provides a quantifiable measure of the SME’s preparedness for I4.0, informing strategic 
decisions regarding technology adoption. Once the readiness level has been assessed, the 
fourth stage involves applying an adapted ROI 4.0 model to estimate the expected benefits of 
I4.0 investments, as standard ROI 4.0 assumes an optimal level of readiness, meaning that the 
SME is already in ideal conditions to implement and fully leverage I4.0 technologies.

TQM
38,11

208

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026



Therefore, using a basic list of indicators, we propose a collaborative methodology to 
ensure a more accurate and context-specific evaluation of SMEs’ I4.0 investments, by 
integrating readiness assessment with ROI 4.0-driven profitability analysis to support 
informed decision-making.

3.2 FBBs of organizational readiness
The initial stage of the assessment process focuses on evaluating the FBBs. These elements, 
encompassing Collaboration, Adaptiveness and Cognition, are critical for determining 
whether the SME possesses the necessary managerial attitudes and organizational features to 
successfully adopt and leverage I4.0 technologies. This foundational assessment provides a 
crucial understanding of the organization’s underlying readiness for digital transformation 
(see Appendix 1). To quantify the FBB, each dimension’s score is derived by averaging its 
scores (on a 1–5 scale) and then converting the result to a percentage. The final FBB score is 
the arithmetic mean of these three-dimensional percentages.

Collaboration evaluates the depth of inter-organizational relationships, focusing on 
resource sharing (physical and intangible assets) and strategic partnerships (Fawcett et al., 
2012; Cao and Zhang, 2011). Resource sharing helps SMEs overcome scale limitations, while 
strategically partnerships are vital for a “relational view” of competitive advantage. High 
Collaboration scores signify readiness for interconnected I4.0 ecosystems, enabling access to 
resources and opportunities; low scores indicate a critical development area (Diamantopoulos 
and Winklhofer, 2001; Nardo et al., 2005).

collaboration ¼ 
ðResource Sharing þ Strategic PartnershipsÞ � 1 

2
* 20ð%Þ

Adaptiveness, crucial in the dynamic I4.0 environment, assesses an SME’s agility through 
responsiveness (managing disruptions and aligning with supply chain resilience – Chopra and 
Sodhi, 2014; Lee, 2004) and the flexibility of processes (ease of modifying operations, 
reflecting agile principles – Sharifi and Zhang, 1999). High Adaptiveness scores indicate 
capacity for I4.0 implementation and continuous optimization; low scores suggest hindering 
rigidity (Diamantopoulos and Winklhofer, 2001; Nardo et al., 2005).

Adaptiveness ¼ 
ðResponsiveness þ flexibility of processesÞ:1 

2
* 20ð%Þ

Figure 1. Stages of LIRA development. Source: Authors’ own work
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Cognition assesses an organization’s understanding and acceptance of I4.0, recognizing 
the importance of culture and workforce readiness in conjunction with technology 
(Kane et al., 2015). It considers management commitment (leadership’s role in driving 
adoption – Sony and Naik, 2020) and employee acceptance (I4.0 knowledge and 
openness), which is crucial given potential disruptions to work practices. Low Cognition 
scores, particularly in employee acceptance, represent significant barriers, necessitating 
training, communication and change management (Diamantopoulos and Winklhofer, 
2001; Nardo et al., 2005).

Cognition ¼ 
ðManagement commitment þ Employees acceptanceÞ � 1 

2
* 20ð%Þ

The FBB score serves as a crucial indicator of an SME’s organizational readiness for 
I4.0. A high score suggests a strong foundation, significantly increasing the likelihood 
of successful I4.0 implementation. Conversely, a low FBB score reveals significant 
internal weaknesses, such as isolation, rigidity or resistance to change, presenting critical 
barriers that must be addressed before or alongside substantial investments in I4.0 
technology to avoid potential failure (Diamantopoulos and Winklhofer, 2001; Nardo 
et al., 2005).

Foundational Building BlocksðFBBÞ ¼ 
ðCollaboration þ Adaptiveness þ CognitionÞ

3

3.3 Definition of technological domain: warehouse logistics
Each warehouse designs its goods-movement processes according to its specific operational 
requirements, encompassing the receipt, storage, localization and dispatch of items across 
inbound, storage and outbound areas. In many cases, these flows are still managed through 
manual or only partially digitalized procedures, which limit real-time monitoring and increase 
the risk of misplacements, overstocking and processing delays. The adoption of I4.0 
technologies enables continuous tracking and real-time data integration, thereby improving 
visibility, reducing lead times and enhancing the overall efficiency and resilience of warehouse 
operations (Khan et al., 2022). Accordingly, the second stage of the assessment focuses on 
identifying I4.0 technologies that enhance goods movement within warehousing. This step is 
crucial, as warehouse efficiency directly impacts throughput and constitutes a significant 
portion of operating costs, including labour and energy consumption (Abdirad and Krishnan, 
2021). To optimize these processes, three key technologies were identified: augmented reality 
(AR), AGVs and RFID.

AR enhances warehouse operations by providing real-time visual guidance and 
feedback, streamlining picking processes and reducing search times and errors. AR 
facilitates faster order fulfilment and minimizes operational disruptions (Rejeb 
et al., 2020).

AGVs play a critical role in automating material transportation within warehouses. 
These systems optimize goods flow, reduce reliance on traditional manual handling and 
contribute to a more sustainable operation by minimizing energy consumption (Zhang 
et al., 2023).

RFID technology enhances inventory management by providing real-time tracking, 
enabling seamless integration with existing systems and improving overall visibility. By 
reducing errors and expediting order fulfilment, RFID significantly enhances warehouse 
efficiency (Sarac et al., 2010).

The combined implementation of these I4.0 technologies in warehouse logistics results in 
significant reductions in energy consumption, errors and operational costs, enhancing 
operational efficiency, accuracy and sustainability (Wang et al., 2016). The detailed 
applications of these technologies are shown in Table 1.
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3.4 OCs’ assessment in the technological domain
The third stage of assessment focuses on evaluating OCs within a specific technological 
domain. In this instance, the focus is on warehousing operations, specifically on the movement 
of goods. This contextualized approach ensures that the assessment is not merely theoretical 
but directly relevant to the SME’s operational reality. The purpose of this stage is to determine 
the SME’s preparedness for adopting I4.0 technologies within the specific context of its 
warehousing operation, building upon the foundational readiness established in the first stage 
(Appendix 2).

Autonomous Control evaluates the preconditions for decentralized decision-making and 
streamlined processes. This involves assessing the degree of autonomy warehouse staff have 
in making operational decisions without constant managerial oversight (Leach et al., 2003) 
and the existence of standardized procedures (SOPs) that provide the necessary structure for 
automation (Colombo et al., 2017). A low Autonomous Control score suggests a rigid, 
hierarchical structure with limited employee empowerment and poorly defined processes, 
hindering I4.0 adoption. A high score indicates a more agile, decentralized environment with 
well-documented procedures, creating a strong foundation for I4.0 technologies 
(Diamantopoulos and Winklhofer, 2001; Nardo et al., 2005).

Autonomous Control ¼ 
ðDecentralisation degree þ Standardisation of proceduresÞ � 1 

2
* 20ð%Þ

Connectivity assesses the effectiveness of information flow concerning goods movement. 
This includes evaluating the traceability of goods (Hofmann and R€usch, 2017), the efficiency 
of information transfer between departments (Li et al., 2006) and the coordination among 
different warehousing activities (Stank et al., 2001). A low Connectivity score indicates poor 
visibility, slow information transfer and a lack of coordination, all of which significantly 
hinder the real-time data flow necessary for I4.0 technologies. A high score signifies good 
visibility, relatively fast and accurate information sharing and well-coordinated activities, 
creating a solid foundation for the seamless data exchange characteristic of I4.0 
(Diamantopoulos and Winklhofer, 2001; Nardo et al., 2005).

Table 1. Movement of goods’ technological domain

Movement of goods

AR ✔ Product visualization and identification
✔ Visual control and monitoring of inventory goods have been enhanced
✔ Search time, mis-picks, fatigue and mistakes are all reduced
✔ Identifying and alerting damaged goods when
✔ Cost-effective order picking system

AGVs, autonomous robots ✔ Supporting the scheduling and picking decisions
✔ Find and detect the pallet structure
✔ traceability of the whole process
✔ Impact on product flow and order fulfilment
✔ Process of material flow in the production line

Real-life RFID ✔ Tracks the movement of the stock items in and out of the facility
✔ Access control In-building location
✔ Stocktaking
✔ Automated models of inventory
✔ The scanning of several labels is performed
✔ Fill orders more rapidly and accurately
✔ Allows for quick and low-cost counting and positioning of objects

Source(s): Authors’ own work
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Connectivity ¼
ðtraceability of goods þ Information Transfer þ coordination among activitiesÞ � 1

3
* 20ð%Þ

Finally, Integration assesses how effectively the various systems and processes involved in 
goods movement function as a unified whole before I4.0 implementation. This is evaluated 
through the degree of systems integration (Hofmann and R€usch, 2017; Winkelhaus and 
Grosse, 2020) and overall order fulfilment performance, a key indicator of operational 
efficiency (Gunasekaran et al., 2004; Stalk, 2012). A low Integration score reveals fragmented 
systems and inefficient processes, creating significant barriers to I4.0 adoption as technologies 
like AR, AGVs/AMRs and RFID rely on integrated data and streamlined workflows. A high 
score suggests relatively well-integrated systems and processes, providing a solid foundation 
for a “smart” warehouse (Diamantopoulos and Winklhofer, 2001; Nardo et al., 2005).

Integration ¼ 
ðSystem Integration þ Order Fulfillment PerfomarceÞ � 1 

2
* 20ð%Þ

The OC score assesses the operational suitability within a specific context, complementing the 
FBB’s measure of general organizational capacity. A high OC score suggests the SME’s 
current warehousing operations provide a strong operational foundation, making them more 
aligned with the requirements for adopting targeted I4.0 technologies. Conversely, a low OC 
score signals significant operational deficiencies (like rigidity, poor information flow or 
fragmentation) that represent critical barriers, indicating operational improvements are needed 
before I4.0 investment in warehousing (Diamantopoulos and Winklhofer, 2001; Nardo 
et al., 2005).

Operational Conditions ¼ 
Autonomous Control þ Connectivity þ Integration 

3

The combination of the FBB and OC assessments yields an ORI, calculated by averaging the 
partial scores of the FBB and OC. It combines the insights from both the FBB and the OC into a 
comprehensive score, which provides a holistic view of an SME’s readiness for I4.0 (Nardo 
et al., 2005).

ORI ð%Þ ¼
FBB þ OC

2

Based on the calculated ORI, SMEs are classified into four distinct readiness levels. Table 2 
outlines these classes, their corresponding ORI percentage ranges, and a qualitative 
description of each level’s implications for I4.0 adoption.

3.5 ROI 4.0 framework and its adaptation to warehouse management
3.5.1 ROI 4.0. The ROI 4.0 framework is an investment-evaluation-oriented PMS designed for 
SMEs adopting I4.0 technologies to improve core processes and assess both financial and non-
financial returns (Giannetti et al., 2021; Cinquini et al., 2019). It integrates the RI formula with 
the investment’s cost of capital, offering a reliable profitability assessment. The framework 
delivers results aligned with the NPV method, simplifying value creation evaluation over time 
in both ex ante and post-implementation analyses (Bromwich and Walker, 1998; Cinquini 
et al., 2019). Key to this framework is its combination of traditional financial metrics (costs, 
revenues, capital) and non-financial metrics (volume, quality, activity cost, timeframe), 
linking process improvements to financial outcomes. This allows ROI 4.0 to account for both
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financial and non-financial performance drivers, including the impacts of I4.0 investments on 
intangible assets, often hard to quantify in monetary terms, offering a more comprehensive 
view of investment value.

The ROI 4.0 model is rooted in the concept of RI, whose formula can be expressed as:

RI ¼ NOPAT � WACC 3 NOIC

where:

(1) RI 5 Residual Operating Income.

(2) NOPAT 5 Net Operating Income after taxes, which is calculated as

EBIT 3 ð 1 � Tax Rate Þ

where EBIT stands for Earnings Before Interest and Taxes.

(3) WACC 5 Weighted Average Cost of Capital, which can be calculated as

Ke 3 ð1 � αÞ þ Kd 3 α

where

(4) Kd 5 Cost of Debt (after-tax if not adjusted separately)

(5) Ke 5 Cost of Equity

(6) α 5 Proportion of Debt in the capital structure, i.e. Financial Debt/(Financial 
Debt þ Equity)

Table 2. Industry 4.0 readiness classification

Readiness
class ORI range Qualitative description

Very low <20% Both FBB and OC are severely underdeveloped. The company lacks a 
managerial mindset (FBB) and has significant operational inefficiencies (OC), 
requiring major structural and process improvements before any I4.0 
investments can be effective

Low 20% < x<40% Basic FBB elements (e.g. minimal collaboration, adaptiveness or cognition) 
may be emerging, but OC is still largely immature. The organization shows only 
limited capacity to integrate or control new technologies, suggesting that 
substantial investments in readiness are needed

Moderate 40% < x<60% FBB and OC are partially developed. While there is some managerial 
commitment and a nascent strategic orientation, operational processes remain 
only moderately aligned with I4.0 requirements. Improvements in system 
integration and process autonomy are needed to fully benefit from digital 
investments

High 60% < x<80% FBB is strong, reflecting a sound managerial mindset, and OC is fairly mature. 
The company is well-prepared in terms of strategic orientation and operational 
practices; however, minor gaps (such as in process standardization or real-time 
data flow) still limit the full leverage of I4.0 benefits

Veery high >80 Both FBB and OC are robust. The organization demonstrates excellent 
managerial readiness – with effective collaboration, adaptability and cognition
– and its OCs are highly optimized. This profile indicates optimal preparedness 
for a successful Industry 4.0 transformation

Source(s): Authors’ own work
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(7) (1�α) 5 Proportion of Equity in the capital structure, i.e. Equity/(Financial 
Debt þ Equity).

(8) NOIC 5 Net Operating Invested Capital, which is given by

(Fixed Assets þ Inventories þ Receivables) � (Operating Liabilities).
Alternatively, it can be expressed as:

RI ¼ ðROIn � WACCÞ 3 NOIC

where:

(1) RI 5 Residual Operating Income

(2) WACC 5 Weighted Average Cost of Capital

(3) ROIn 5 Net Return on Investment (Net Operating Income after taxes/Net Operating 
Invested Capital)

(4) NOIC 5 Net Operating Invested Capital.

Using either formula to calculate RI enables evaluation of economic value created by the 
company, by divisions or business units or by specific investments. In this context, “value 
creation” refers to a company’s economic capital, which is essentially its shareholders’ 
equity based on expected future cash flows from dividends or capital gains. Value is 
realized when strategic, tactical and operational choices improve expected profitability, 
increasing shareholder potential returns and economic capital. This growth results not 
only from higher projected cash flows but also from their associated risk. If cash flows 
increase but risk rises proportionally, economic capital may fall. Thus, value creation 
typically requires greater expected cash flows with equal or lower risk than before the 
investment.

The key criterion for driving value creation – i.e. growth in economic capital – is ensuring 
that investment returns exceed the overall cost of capital, including both equity and debt
financing. 

The second RI formula assesses whether this condition is met by measuring the 
difference between ROIn and WACC. It also enables calculation of the absolute economic 
value generated over a given period based on invested capital (NOIC). If RI remains 
positive across multiple future periods, the present value of those returns represents the 
total value created, as it consolidates the discounted economic value over time. In essence, 
calculating the present value of future RI – regardless of the estimation method – can be 
summarized as follows:
Total Value Creation (Increase in Economic Capital) = Present Value of Future

Residual Income.
This value creation is influenced by a set of value drivers, including all tangible and 

intangible factors that impact the variables used in the RI formulas.
As shown in Figure 2, ROI 4.0 organizes these value drivers into a three-level hierarchy, as 

they directly influence the parameters in the two RI calculation formulas.
At the third and lowest level, investments in I4.0 technologies serve as the foundation, 

influencing both the amount of capital invested and key process performance. Effects on 
process performance, considered and assessed at the third level through the value drivers of 
volume, quality, time and cost, shape the second-level monetary and non-monetary value 
drivers. These second-level value drivers, in turn, act as a bridge between process performance 
and broader business outcomes, which are reflected in the financial value drivers at the first 
level. Finally, the first and highest level comprises financial value drivers – such as total 
revenues, costs, cost of equity, cost of debt, debt-to-equity ratio, fixed assets and net working 
capital – that directly impact the value of RI.
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The ROI 4.0 model (Figure 2) links I4.0 technologies’ impact on process performance to 
overall business financial performance, enabling both ex ante and ex post evaluations of their 
benefits.

ROI 4.0 can be considered both a method for evaluating investments and a tool for 
managing investment performance. ROI 4.0 integrates financial and non-financial metrics to 
support strategic management, decision-making and organizational performance evaluation 
(Franco-Santos et al., 2012). Like similar PMS, ROI 4.0 establishes cause-and-effect 
relationships among measures. However, PMS causal links often rely on logical assumptions 
rather than empirical evidence, making even widely used systems (e.g. Balanced Scorecard) 
vulnerable to logical fallacies and contextual invalidation (Nørreklit et al., 2012; Kasperskaya 
and Tayles, 2013). For instance, assuming customer loyalty always drives profitability ignores 
that loyal customers are not always profitable, illustrating the post-hoc fallacy of confusing 
correlation with causation (Nørreklit, 2003). Nevertheless, assumed causal links remain useful 
for facilitating strategic discussions and refining performance measures (Tuomela, 2005; 
Franco-Santos et al., 2012). Empirical studies provide some support for their reliability; for

Figure 2. ROI 4.0 framework. Source: Authors’ own work
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instance, Kober and Northcott (2021) found statistically significant causal links in a public-
sector PMS, showing that well-designed systems can improve decision-making and 
performance management (Franco-Santos et al., 2012). Yet, the effectiveness of causal 
links in guiding managerial action, decision-making and performance management 
significantly improves when empirically tested and adjusted to reduce biases and incorrect 
assumptions (Ittner and Larcker, 2003; Kasperskaya and Tayles, 2013). Therefore, PMS such 
as ROI 4.0 should be empirically tested for coherence and validity within the specific company 
(Tuomela, 2005), potentially requiring contextual adaptations through the identification of 
alternative or additional measures and causal links.
3.5.2 ROI 4.0 adaptation to warehouse management. Applying ROI 4.0 to warehouse

management in logistics requires a clear, contextual understanding and classification of 
relevant costs to accurately assess I4.0 investments, since the model was originally designed 
for manufacturing.

To achieve this, we adopt an activity-based costing perspective, which allows costs to be 
allocated to the activities that generate them. We employ Porter’s (1985) value chain 
framework, distinguishing primary activities, directly involved in value creation, from support 
activities, which provide the infrastructure, coordination and resources needed for effective 
primary activities and sustained performance. Finally, we integrate this approach with 
Richards’ (2017) classification of warehouse costs and activities to reliably map costs to their 
respective activities.

In this structure:

(1) Primary activities in warehouse management include storage and handling, which 
contribute to costs in distinct ways (Richards, 2017). Storage costs encompass space-
related expenses (rent, depreciation, utilities, insurance and taxes), labour (wages, 
safety gear, training and welfare) and facility maintenance (repairs, cleaning, security 
and waste disposal). Handling costs include direct labour, equipment acquisition, 
depreciation and leasing, and variable operating costs like fuel and packaging.

(2) Support activities, including administration, IT, finance, human resources and sales/ 
marketing, provide essential indirect services (Richards, 2017). Administrative costs 
include managerial salaries, office equipment and overheads. IT costs cover 
warehouse management systems, hardware, software and cybersecurity. Finance 
and HR costs encompass salaries, insurance, audit fees, legal services and employee 
programs. Sales and marketing costs, crucial for third-party logistics providers, 
include advertising, promotions and business development.

Following Juran and Gryna (1988), we propose incorporating quality costs, classified into 
prevention, appraisal, internal failure and external failure costs (Giannetti, 2013). Prevention 
costs originate from proactive measures to avoid defects in design, procurement, production or 
delivery. Appraisal costs cover inspections, testing and monitoring to ensure quality standards. 
Internal failure costs arise from defects detected before reaching customers and include costs 
associated with rework, scrap or process inefficiencies. External failure costs occur when 
defects reach customers, leading to complaints, returns or warranty claims. Sandoval-Chavez 
and Beruvides (1998) further expand this classification to include opportunity costs, such as 
losses from poor delivery, inadequate material handling and underutilized capacity. Finally, we 
propose adding the sustainability dimension as a third-level value driver, which can be 
monitored through various indicators (e.g. carbon footprint, waste and water consumption) 
tailored to specific business needs.

Based on this, we adapted the ROI 4.0 structure (Figure 3) to reflect the value drivers, costs 
and activities inherent to warehouse management. Figure 3 illustrates the adapted ROI 4.0 
model, which summarizes how logistics SMEs can evaluate both monetary and non-monetary 
impacts associated with I4.0 adoption. The structure clarifies the relationships and 
interconnections between financial value drivers (first level), the underlying operational and
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strategic factors that generate them (second level), and the process-related performance 
changes that ultimately produce impact (third level).

Since our analysis focuses on the primary activities – handling and storage–of warehouse 
management operations (Richards, 2017), we illustrate possible performance indicators for 
assessing these activities. These indicators can be used to estimate third-level monetary and 
non-monetary value drivers, supporting the evaluation of the impact of I4.0 technologies on 
process and business performance. To differentiate between primary activities, we present 
separate tables for handling (Table 3) and storage (Table 4), including acronyms for the 
parameters used, as space constraints did not allow for the use of full terms.

We emphasize that the indicators listed for each third-level value driver, such as labour 
productivity (LP) and equipment utilization (EU) under “volumes”, are examples and should 
be adjusted based on organizational needs and context (Franco-Santos et al., 2012). 
Furthermore, both for this reason and due to space constraints, we include only a selection of 
possible indicators rather than a comprehensive list. The rows of Tables 3 and 4 allow for the 
addition of specific I4.0 technologies, enabling the assessment of their economic feasibility 
and financial and non-financial impacts. As an example, we include only I4.0 technologies 
within the defined technological domain.

Various methods exist for selecting and estimating indicators for third-level value drivers, 
but we recommend using an Activity-Based Management (ABM) approach (Plowman, 2017). 
ABM facilitates strategic decision-making by identifying how activities and costs contribute 
to creating value and enhancing performance (Armstrong, 2002). The approach starts with 
identifying the value propositions most appreciated by logistics customers, such as delivery 
speed, reliability, flexibility and real-time tracking (Richards, 2017). A backward analysis then 
traces these attributes to the warehouse activities responsible for delivering them. This 
structured analysis helps evaluate how warehouse activities impact measurable indicators, 
such as LP and EU. By linking financial and non-financial aspects to business activities, ABM

Figure 3. Adapted ROI 4.0 for warehouse management. Source: Authors’ own work
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Table 3. Handling the third-level value drivers’ impact on handling

Third level
Impact on

 
handling

 Volumes Quality Time Costs Sustainability Technology LR
 

EU
 

FX . . . MP
 

MI HF . . . IT HT HS . . . PW MC EC . . . CF
 

WR WS . . .

AR
AGV
RFID
Note(s): Volumes: •

 
Labour Productivity (LP) •

 
Equiment Utilization (EU) •

 
Flexibility (FX); Quality: •

 
Material Damage Prevention (MP) •

 
Materials Inspection (MI) •

 Handling Failures (HE); Time: •
 

Idle Time (IT) •
 

Handling Time (Handling time (Receiving, unloading, loading, dispatch . . .) HT
 

•
 

Health &
 

Security (HS); Costs: •
 

Personnel 
Wages (PW) •

 
Mainatene Costs (MC) •

 
Energy Costs (EC); Sustainbility: •

 
Carbon Footprint (CF) •

 
Waste Reduction (WR) •

 
Worker Satisfaction (WS)

Source(s): Authors’ own work
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Table 4. Handling the third-level value drivers’ impact on storage activities

Third level
Impact on storage activities 
Volumes Quality Time Costs Sustainability Technology SO
 

IA
 

FX . . . SP
 

SI SF . . . DP RT HS . . . AC MC EC . . . CF
 

WR WY . . .

AR
AGV
RFID
Note(s): Volumes: •

 
Space utilization/layout optimization (SO) •

 
Inventory placement accuracy (IA) •

 
Flexibility (FX); Quality: •

 
Storage damage preventation (SP) •

 
Storage 

inspection (SI) •
 

Storage failures (SF); Time: •
 

Slotting optimization/reshuffling time (DP) •
 

Inventory retrieval time •
 

Health &
 

Security (HS); Costs: •
 

Acquisition/rent costs 
(AC) •

 
Mainatene Costs (MCz) •

 
Energy Costs (ECs); Sustainbility: •

 
Carbon Footprint (CF) •

 
Waste Reduction (WR) •

 
Worker Satisfaction (WS)

Source(s): Authors’ own work
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facilitates an understanding and quantification of the benefits of adopting I4.0 technologies. 
We recommend distinguishing between measurable financial and non-financial “outputs” and 
qualitative, hard-to-measure non-financial “outcomes” (Ittner, 2008; Figge et al., 2002). 
Outputs refer to quantifiable elements, such as CO 2 emissions or energy consumption, which 
are assessed using parametric indicators. Outcomes, in contrast, include intangible factors 
such as corporate reputation, employee development and strategic growth opportunities (Van 
Criekingen et al., 2022; Z�eghal and Maaloul, 2011). Although social factors are often treated 
as outcomes, they can sometimes be partially measured through indicators like employee 
satisfaction or retention rates. For SMEs with limited financial resources, low-cost practices 
such as brief anonymous surveys, suggestion boxes, informal feedback discussions or simple 
monitoring of absenteeism and voluntary turnover can support this measurement effort. 
Nonetheless, certain aspects, including the ability to attract highly qualified personnel, remain 
inherently difficult to quantify (Theurer et al., 2018). Company reputation, another key 
outcome, varies across stakeholders and may require separate assessments for suppliers, 
employees, potential hires and customers (Helm, 2007; Scheffran, 2006). In cases where such 
aspects cannot be quantified, we recommend at least qualitatively describing them to consider 
their impact on financial performance.

4. Assessing readiness through the LIRA dashboard: structure and indicators
The LIRA dashboard offers SMEs a structured tool to assess their readiness for digital 
transformation. Figure 4 presents an integrated visual representation of the four-stage 
assessment model, illustrating how readiness evaluation, through the FBBs, identification of 
the technological domain and analysis of OCs, directly connects with the impact analysis 
conducted via the adapted ROI 4.0 model. By clarifying the sequential logic and the 
relationships among these components, the figure enhances the explanatory power of the 
framework and supports a clearer understanding of how readiness levels influence expected 
outcomes.

The LIRA dashboard also serves as the methodological roadmap of the study, clearly 
outlining how each stage of the assessment builds on the previous one and how the final 
evaluation emerges from the combined analysis of readiness and expected impacts.

The process begins with the FBBs, which evaluate key organizational characteristics such 
as Collaboration, Adaptiveness and Cognition. These factors determine whether the SME has 
the necessary managerial mindset to adopt I4.0 technologies.

Next, the assessment focuses on the Technological Domain, selecting a specific operational 
area for digital innovation. In this case, warehouse logistics is analysed, with AR, AGVs and 
RFID identified as key technologies for improving efficiency.

The third stage examines OCs by assessing Autonomous Control, Connectivity and 
Integration, ensuring that existing processes align with I4.0 requirements. The combination of 
these assessments generates the ORI, which serves as a key metric to guide strategic decision-
making and optimize technology investments.

Finally, we offer an original integration of the adapted ROI 4.0 framework with the 
readiness assessment, thereby allowing the analysis to account for how different readiness 
levels shape the realization of financial and non-financial benefits from I4.0 adoption, as well 
as the eventual additional costs associated with achieving an acceptable readiness level.

The original ROI 4.0 approach enables the evaluation of the ex ante and ex post impacts of 
I4.0 technologies but rests on the assumption that a company is fully prepared to implement 
these technologies and realize their benefits. In practice, however, this assumption is 
frequently not met (Ferraz Junior and Gonçalves, 2025; Gebauer et al., 2020).

In some cases, the processes affected by the I4.0 investment may not be linked to readiness 
dimensions, making the integration of readiness assessment into ROI 4.0 unnecessary, as the 
standard evaluation remains sufficient. Yet, if readiness levels influence the company’s ability 
to fully exploit the technologies and weaknesses are identified in key areas, the expected
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Figure 4. LIRA
 

assessment stages. Source: Authors’ own work
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benefits may decrease or even disappear (Ali and Waheed, 2025; Alkhatib et al., 2025). 
Therefore, we propose that, in this scenario, the ROI 4.0 analysis should be adjusted to 
reflect two possible options: the as-is option, where the company proceeds without 
addressing readiness gaps and accepts reduced benefits, or the to-be option, where 
additional investments are made to improve readiness and enable higher benefits or a near-
full realization of the I4.0 implementation potential. If readiness levels are critically low in 
key dimensions, the as-is option may not even be viable, requiring the company to address 
these deficiencies before proceeding, provided it has the necessary resources to do so 
(Antony et al., 2023; Sony et al., 2021). ROI 4.0 should therefore account not only for the 
direct costs of technology investments but also for potential reductions in benefits under 
the as-is scenario or the additional expenses needed to achieve sufficient readiness under 
the to-be option. More precisely, the first step in the ex ante evaluation using ROI 4.0 
involves assessing whether the I4.0 investment impacts processes influenced by one or 
more readiness dimensions. If such an intersection exists, the second step is to evaluate 
how the levels of these dimensions affect the company’s ability to implement and benefit 
from the technologies. This requires analysing critical process elements, such as input 
utilization, output generation, resource availability (including skills, know-how and 
technological infrastructure) and potential constraints (such as regulations or 
uncontrollable events). The third step involves integrating any increased costs and/or 
reduced benefits into the ROI 4.0 analysis.

To illustrate how the framework operates, consider an illustrative case of a warehouse 
logistics SME that is evaluating the potential introduction of AGVs. The firm assesses its 
readiness through a self-diagnostic tool articulated in two stages. In the first stage, 
managerial readiness is evaluated via the FBBs. A questionnaire administered to owners, 
managers and key warehouse staff yields scores of 50% for Collaboration, 46% for 
Adaptiveness and 36% for Cognition, resulting in an overall FBB score of approximately 
44%. This profile suggests that, from a managerial and cultural perspective, the SME is only 
partially prepared for an automation project, with particularly critical gaps in Cognition due 
to limited employee acceptance of AGVadoption. In the second stage, the SME assesses its 
operational readiness for AGVs by evaluating OCs in the warehouse. The resulting scores 
are, for example, 64% for Autonomous Control, 72% for Connectivity and 76% for 
Integration, leading to an overall OC score of around 71%. Combining the FBB and OC 
assessments, the ORI reaches roughly 58%, positioning the firm in a lower-intermediate 
readiness class: the warehouse is technically capable of hosting AGVs, but the assessment 
reveals a low cognition level due to limited employee acceptance of AGV adoption in 
certain warehouse processes. In this case, the company would need to consider how such 
low readiness affects its ability to benefit from the technology. Reduced acceptance may, 
for instance, lead to AGV underutilization, delays in implementation, incorrect load 
preparation or inconsistent data input, which in turn diminish throughput improvements 
and slow the stabilization of automated workflows. Under these conditions, the ROI 4.0 
analysis would need to incorporate either reduced benefits under the as-is scenario or 
additional costs under the to-be scenario.

Using purely illustrative figures, suppose the AGV investment requires around 
€1,000,000, and the expected annual benefits under ideal conditions – derived from 
labour cost savings, reduced goods damage and storage errors and increased capacity 
utilization – amount to approximately €700,000. In the as-is case, the company would have 
to account for the expected reduction in benefits due to low acceptance in the ROI 4.0 
analysis. For example, if the firm proceeds without addressing cognition gaps, it may 
realize only a portion of the expected benefits – perhaps around 50% – resulting in 
approximately €350,000 per year.

In the to-be scenario, the firm would instead invest in readiness-enhancing activities, and 
these additional costs must therefore be incorporated into the ROI 4.0 assessment. A limited 
readiness-improvement option might involve basic training sessions and short communication
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activities, with an illustrative cost of €40,000. Such measures could moderately increase 
acceptance, allowing the firm to capture, for example, around 70% of the expected benefits, or 
approximately €490,000 annually. In this case, the ROI 4.0 analysis should account for a 
smaller reduction in realized benefits, alongside the additional readiness-related costs.

Alternatively, the company may adopt a more comprehensive readiness-enhancement 
programme, including extended training, structured communication initiatives, change-
management activities and incentives, with an illustrative cost of €120,000. Incorporating 
these initiatives would increase the total investment to around €1,120,000 but would make it 
more likely that the firm captures the full €700,000 annual benefit potential. In this latter case, 
the ROI 4.0 analysis would primarily reflect the additional readiness-related costs, as 
significant benefit reductions would no longer be expected.

To provide another brief example, a company with low connectivity caused by limited 
traceability of goods may struggle to fully realize the benefits of RFID tracking systems, 
which are essential for real-time inventory management and warehouse automation. In this 
case, ROI 4.0 assessments should include additional costs beyond the basic RFID 
investment – such as upgrading IT infrastructure for data processing, integrating warehouse 
management software, improving network coverage (e.g. IoT connectivity), implementing 
data security measures and reengineering workflows to effectively incorporate RFID 
technology – or otherwise account for the reduced benefits resulting from not fully 
addressing these connectivity gaps.

The integrated approach proposed here supports both ex ante and ex post decision-making 
by combining readiness assessment with profitability analysis, thereby enabling a more 
accurate evaluation of I4.0 investments. For ex ante evaluations, integrating the adapted ROI 
4.0 framework with the readiness model enhances profitability assessments by allowing firms 
to incorporate their current readiness level into estimates of expected returns from I4.0 
initiatives. In this context, the ORI acts as a signalling indicator that may prompt targeted 
managerial scrutiny of those business processes affected by the specific I4.0 investment and 
conditioned by the observed readiness level. This facilitates the identification of potentially 
overlooked investment-related costs (e.g. training and complementary investments) as well as 
constraints on the full realization of expected benefits. Within this integrated approach, ROI 
4.0 enables both the explicit inclusion of readiness-enhancing costs and the estimation of 
potential benefit reductions when no or only limited readiness-improving actions are 
undertaken, thereby supporting a more realistic calibration of expected cash flows (revenues, 
costs, fixed and working capital investments) and risk. For ex post evaluations, ROI 4.0 allows 
the estimation of realized financial and non-financial impacts of implemented I4.0 solutions, 
providing insights into their overall effectiveness.

The integration of the LIRA dashboard with the adapted ROI 4.0 framework also 
advances the role of DSS in guiding managerial judgment within logistics SMEs. As 
highlighted in the DSS literature, effective decision support tools must not only provide 
structured information but must also enhance the cognitive processes through which 
managers interpret performance indicators and assess alternative courses of action (Power, 
2002; Power and Sharda, 2007). The proposed model aligns with this view by combining 
readiness assessment with impact evaluation, enabling managers to understand how 
organizational conditions influence the realization of technological benefits. This dual-
layer structure reflects the evolution of contemporary DSS, which increasingly integrate 
visualization, analytical modelling and diagnostic interpretation to support data-driven 
decisions (Few, 2006; Yigitbasioglu and Velcu, 2012). Furthermore, by connecting 
operational maturity with profitability analysis, the model reinforces the capacity of DSS to 
reduce uncertainty and guide investment decisions in environments characterized by 
limited resources and process variability, as is frequently the case among logistics SMEs 
(Jiang et al., 2022). In this sense, the framework moves beyond traditional dashboards and 
contributes to the development of model-driven DSS capable of supporting both strategic 
planning and technology adoption pathways.
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5. Conclusions
This study introduces the LIRA strategic dashboard, an evaluation framework developed to 
support warehouse management activities in logistics SMEs, facilitating their navigation of 
the complexities of digital transformation. The dashboard enables firms to assess their 
preparedness for adopting I4.0 technologies and to evaluate the expected and realized benefits 
across operational, economic and environmental dimensions. The proposed methodology 
unfolds through four stages. Firstly, it assesses organizational preparedness by evaluating 
FBB – Collaboration, Adaptiveness and Cognition – which reflect managerial mindset and 
strategic orientation. Secondly, it identifies the technological domain – in this study, 
warehouse goods movement – and the relevant technologies to be implemented. Thirdly, it 
evaluates OCs, examining the SME’s process maturity and integration capabilities to support 
implementation. These inputs are combined to compute an ORI, which guides the fourth stage: 
a tailored application of the adapted ROI 4.0 model to estimate the financial and non-financial 
impact of I4.0 technology adoption. By addressing the multifaceted nature of digital 
transformation, this study has both theoretical and practical implications for the literature on 
digital readiness, performance evaluation and I4.0 in logistics.

5.1 Theoretical implications
From a theoretical standpoint, the research advances the literature on SME digital 
transformation by introducing a structured readiness and impact assessment model that 
integrates organizational and operational dimensions whose evaluative logic goes beyond 
traditional maturity scales. In particular, the study provides three main theoretical 
contributions: (1) the development of an integrated readiness and impact assessment model 
specifically designed for warehouse logistics SMEs, combining managerial orientation and 
process-specific conditions; (2) the adaptation and contextualization of the ROI 4.0 framework 
to the warehouse logistics domain; and (3) the design of a unified decision-support artefact 
linking readiness, financial feasibility and sustainability-oriented performance evaluation.

While prior readiness frameworks often focused on large firms or purely technical 
indicators, and typically provided staged assessments of organizational capabilities and 
technological sophistication oriented towards generic I4.0 adoption, LIRA captures both 
managerial orientation and process-specific conditions, is explicitly designed for warehouse 
logistics SMEs and integrates (1) managerial orientation (FBB), (2) process- and domain-
specific conditions (OC) and (3) an impact evaluation layer (ROI 4.0) within a single strategic 
dashboard, responding to calls for more context-sensitive and strategic evaluation tools 
(Kayikci, 2018; Bordeleau et al., 2020). Rather than stopping at a purely diagnostic 
classification of maturity, LIRA links readiness scores directly to financial feasibility and risk– 
return considerations, supporting SMEs in comparing alternative I4.0 scenarios in terms of 
expected payback, value creation and implementation effort. Secondly, the research 
contributes to the PMS literature by adapting and extending the ROI 4.0 framework to the 
warehouse logistics domain and by proposing its integration with a readiness assessment. 
Whereas ROI 4.0 (Giannetti et al., 2021; Cinquini et al., 2019) introduced a multilayered 
structure for evaluating value creation from I4.0 investments, this paper contextualizes and 
operationalizes the model within warehouse logistics. Moreover, the integration of a readiness 
assessment with the ROI 4.0 analysis enables SMEs to account for both tangible and intangible 
outcomes, as well as the additional costs required to increase readiness or the reduced benefits 
that arise when low readiness remains unaddressed or only partially addressed. This 
integration is particularly relevant given that the original ROI 4.0 framework assumed firms 
could fully realize the expected benefits.

LIRA thus combines maturity assessment and ROI 4.0 analysis into a single decision-
support artefact that simultaneously captures cost savings, productivity and error reduction, 
together with non-financial and sustainability-related effects. By explicitly embedding 
sustainability indicators and organizational change aspects into the evaluation logic, the
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framework contributes to the development of more holistic PMSs that reflect the complexity of 
value creation in I4.0 contexts.

Given the conceptual nature of this study, validation is conducted through comparative 
analysis with existing DSS and I4.0 frameworks, alignment with established dashboard design 
principles, and the development of a structured roadmap for future empirical testing 
(Meredith, 1993; Gregor, 2006; Pauwels et al., 2009). This research advances the field by 
proposing a structured decision-support framework that integrates readiness assessment and 
ROI evaluation, explicitly connecting organizational readiness, financial feasibility and 
sustainability-oriented performance evaluation (Few, 2006; Yigitbasioglu and Velcu, 2012).

Finally, LIRA offers a theoretically grounded platform for future empirical studies to 
compare its diagnostic and prescriptive power with existing maturity and readiness models 
across different logistics settings.

5.2 Managerial implications
Beyond its theoretical contribution, LIRA has clear implications for managerial practice and 
public policy. To begin with, LIRA provides warehouse logistics SMEs with a transparent and 
context-sensitive tool for planning, prioritizing and monitoring digital transformation 
initiatives, while laying the groundwork for further refinement and validation in real-world 
applications. By jointly displaying readiness levels, expected returns and sustainability 
outcomes for alternative I4.0 scenarios, the dashboard can support SMEs in prioritizing and 
sequencing investments across different technologies and warehouse processes.

At the strategic level, decision-makers can use the results to define and revise digital 
transformation roadmaps, while at the operational level, the dashboard can be incorporated into 
regular performance review meetings to support day-to-day resource allocation, scheduling and 
improvement initiatives. Managers can use ORI and the adapted ROI 4.0 outputs to identify 
capability gaps that need to be addressed before implementation, to balance short-term financial 
benefits with longer-term strategic and sustainability goals and to design more coherent 
transformation roadmaps. Moreover, the structured and transparent assessment provided by 
LIRA can reshape conversations with external stakeholders: it offers technology providers a 
clearer view of the client’s readiness and integration constraints; it supplies financiers with a 
more credible, risk-aware assessment of value creation; and it provides policymakers with a 
diagnostic basis for designing targeted support instruments, training programmes and incentive 
schemes for warehouse logistics SMEs engaged in digital and sustainable transformation.

Potential application contexts include third-party logistics providers, last-mile delivery 
services and specialized warehousing SMEs, for which the framework can be tailored by 
selecting the most relevant processes, indicators and data sources while preserving the 
underlying evaluative logic of LIRA.

5.3 Research limitations and future research
In light of the methodological choices underpinning this research, several limitations and 
potential directions for future research can be identified. Firstly, it is conceptual in nature and 
requires empirical testing to assess the validity, reliability and applicability of the dashboard in 
real-world SME settings. Secondly, the scope is limited to one technological domain – warehouse 
logistics – while in practice, companies may implement multiple technologies simultaneously 
across different areas of the value chain. Additionally, the transversal nature of digital 
technologies may produce overlapping impacts, complicating isolated evaluations. Future 
research should focus on empirically validating the LIRA dashboard through field studies and 
pilot applications in SME contexts. Comparative analyses across different technological 
domains – such as transportation, inventory control or last-mile delivery – could enhance the 
model’s generalizability. Further studies may also examine how external factors (e.g. government 
incentives, supply chain integration or market volatility) moderate the relationship between 
I4.0 readiness and technology impact, thereby enriching the framework’s strategic relevance.
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A
ppendix 1Table A1. FBBs’ KPIs

Dimension KPIs 1 – Very low 2 – Low 3 – Medium 4 – High 5 – Very high

FBBs:
1st
ORDER

Collaboration Resource
Sharing

No resources are 
shared with partners

Occasional, ad-hoc 
sharing of minor 
resources with partners

Informal sharing of 
some resources with known partners

Formal agreements 
exist to share some 
resources with specific partners

Extensive and formal resource-
sharing agreements 
with key partners 

Strategic
Partnerships

No strategic 
partnerships exist

Potential reactive 
partnerships

Some informal 
collaboration on specific, short-term

 projects

A
 

collaborative 
network exists with some key partners

Deep, strategic 
partnerships

Adaptiveness Responsiveness Unable to respond to unexpected changes
Slow

 
and costly response to changes

moderate cost and effort to respond to disruptions 

Quick and effective 
response to disruptions 

Proactive response 
to disruptions

Flexibility of 
Processes

Processes are highly inflexible, 
undocumented and difficult to change

Processes are 
documented, but 
changes are slow

 and require 
significant effort 

Processes are 
documented and can be modified with some effort

Processes are well-
defined but flexible, 
allowing for 
relatively quick adjustments 

Processes are 
highly flexible, 
modular and easily reconfigurable

Cognition Management
Commitment

Management is 
unaware of or 
actively resistant to I4.0

Management has 
heard of I4.0, but 
has very limited understanding

Management has a 
basic understanding of I4.0 concepts and sees some potential 
benefits

Management is 
actively exploring I4.0 options

Management has a 
clear, well-
articulated vision for I4.0 adoption

Employee
Acceptance

Employees have no knowledge and a 
strong resistance to learning

Employees’ basic 
knowledge. They have a weak resistance to learn

Employees have little 
knowledge of I4.0 and are willing to learn

Employees have 
moderate 
knowledge of I4.0 and are willing to embrace changes

Employees have a 
wide knowledge of 
I4.0. They are ready to change
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A
ppendix

 2

Table A2. OCs’ KPIs

Dimension KPIs 1 – Very low 2 – Low 3 – Medium 4 – High 5 – Very high

OCs: 2nd 
ORDER

Autonomous
Control

Decentralization 
Degree (movement of 
goods)

Operational 
decisions are made 
by management

Operational decisions are 
made by staff with 
management approval

Operational decisions are 
made without prior approval, 
within clearly defined procedures and limits

Operational decisions are 
made by staff within their 
area of responsibility

Operational decisions 
are made by Staff with 
significant autonomy

Standardization
 

of 
Procedures (SOPs)

No
 

SOPs exist for 
movements of goods 
activities

Some SOPs exist for the 
movement of goods 
activities, but they are 
incomplete, outdated or 
not consistently followed

There are SOPs for 
movements of goods 
activities but with gaps or 
inconsistencies. SOPs are 
generally followed but with 
some deviations

Detailed
 

SOPs exist for 
the movement of goods 
activities. They are 
regularly reviewed, 
updated and consistently 
followed

All movements of goods 
activities are carried out 
according to well-
documented SOPs

Connectivity Traceability of Goods No formal tracking 
system

Manual tracking with 
significant delays and inaccuracies

Tracking of goods using 
spreadsheets. Frequent 
discrepancies between 
records and

 
physical 

inventory

Basic tracking systems. 
Minimal discrepancies 
between

 
records and

 
physical inventory

tracking of all goods at 
the item

 
level. No

 discrepancies between
 

the records and
 

physical 
inventory

Information Transfer 
(Goods Movement)

Information flow
 

is 
fragmented and relies primarily on 
email/paper

Information flow
 

relies 
heavily on paper-based records with manual data 
entry

Information flow
 

relies on 
basic digital spreadsheets. 
However, they are 
inconsistent, outdated and 
incomplete

Information flow
 

relies 
on
 

database systems for 
data storage. However, 
they still rely on manual 
data entry

The information
 

flow
 digital platforms and efficient data 

management practices. 
and minimal manual 
data entry

Coordination among Activities (movement 
of goods)

Activities related to goods movement are 
entirely uncoordinated

Coordination of goods 
movement activities is 
limited, resulting in frequent delays, 
inefficiencies and 
operational bottlenecks 

Some coordination exists 
between activities, but it is 
primarily reactive and reliant 
on informal communication

Activities are 
consistently coordinated 
through established processes, with efficient 
resolution of minor issues

Activities related to goods movement are 
coordinated and optimized, ensuring 
maximum

 
efficiency

Integration Systems Integration 
(Goods Movement)

Multiple and 
separate systems are 
used for different 
aspects of goods 
activities

Few
 

integrations among 
different systems for 
movement of goods 
activities

There is integration among a 
few
 

different systems, but 
there are still significant gaps 
and manual processes

Key systems related to 
goods movement share 
data, but there may be 
some limitations or 
delays

A
 

single, integrated 
system

 
manages all 

aspects of goods 
movement

Order Fulfilment 
Performance (Picked, 
packed, labelled and 
staged for loading)

Order fulfilment 
processes are highly inefficient and 
unpredictable

Order fulfilment is slow, 
inaccurate and unreliable 
due to predominantly 
manual processes

Order fulfilment processes 
are moderately efficient but 
exhibit inconsistencies and 
occasional delays

Order fulfilment 
processes are generally fast, accurate and reliable

Order fulfilment 
processes are highly efficient, predictable 
and seamlessly integrated

The TQ
M
 Journal

227

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026



References
Abdirad, M. and Krishnan, K. (2021), “In logistics and supply chain management: a systematic 

literature review”, Engineering Management Journal, Vol. 33 No. 3, pp. 187-201, doi: 10.1080/ 
10429247.2020.1783935.

AL-Khatib, A.W. (2025), “The impact of Industry 4.0 capabilities on operational performance: the 
mediating effect of supply chain ambidexterity”, The TQM Journal, Vol. 37 No. 1, pp. 125-149, 
doi: 10.1108/tqm-06-2023-0193.

Ali, K. and Waheed, A. (2025), “Synergistic role of TQM 4.0 toward Industry 4.0 readiness: a 
sociotechnical perspective of selected industries”, The TQM Journal, Vol. 37 No. 3, pp. 853-876, 
doi: 10.1108/tqm-08-2023-0249.

Alkhatib, F., Antony, J., Mayyas, A., Garza-Reyes, J.A. and Maalouf, M. (2025), 
“Qualitative study of Q4. 0 awareness, challenges, readiness and core skills: a Middle 
East perspective”, The TQM Journal, Vol. 37 No. 9, pp. 123-144, doi: 10.1108/tqm-03-
2025-0166.

Anderl, R. and Fleischer, J. (2019), “Guideline Industrie 4.0: guiding principles for the implementation 
of Industrie 4.0 in small and medium sized businesses”, [Slp]: VDMA Industries 4.0
Forum, 2015.

Antony, J., Sony, M. and McDermott, O. (2023), “Conceptualizing Industry 4.0 readiness model 
dimensions: an exploratory sequential mixed-method study”, The TQM Journal, Vol. 35 No. 2, 
pp. 577-596, doi: 10.1108/tqm-06-2021-0180.

Arena, M. and Azzone, G. (2005), “ABC, balanced scorecard, EVA™: an empirical study on the 
adoption of innovative management accounting techniques”, International Journal of 
Accounting, Auditing and Performance Evaluation, Vol. 2 No. 3, pp. 206-225, doi: 10.1504/ 
ijaape.2005.007673.

Bahri, M., St-Pierre, J. and Sakka, O. (2011), “Economic value added: a useful tool for SME 
performance management”, International Journal of Productivity and Performance 
Management, Vol. 60 No. 6, pp. 603-621, doi: 10.1108/17410401111150779.

Balasingham, K. (2016), “Industry 4.0: securing the future for German manufacturing companies 
(Master’s thesis, university of twente)”,

Barreto, L., Amaral, A. and Pereira, T. (2017), “Industry 4.0 implications in logistics: an 
overview”, Procedia Manufacturing, Vol. 13, pp. 1245-1252, doi: 10.1016/ 
j.promfg.2017.09.045.

Bordeleau, F.E., Mosconi, E. and de Santa-Eulalia, L.A. (2020), “Business intelligence and analytics 
value creation in Industry 4.0: a multiple case study in manufacturing medium enterprises”, 
Production Planning and Control, Vol. 31 Nos 2-3, pp. 173-185, doi: 10.1080/ 
09537287.2019.1631458.

Brealey, R.A., Myers, S.C. and Allen, F. (2020), Principles of Corporate Finance (13th ed.), McGraw-
Hill Education, New York, NY.

Bromwich, M. and Walker, M. (1998), “Residual income past and future”, Management Accounting 
Research, Vol. 9 No. 4, pp. 391-419, doi: 10.1006/mare.1998.0091.

Ca~nas, H., Mula, J., D�ıaz-Madro~nero, M. and Campuzano-Bolar�ın, F. (2021), “Implementing Industry 
4.0 principles”, Computers and Industrial Engineering, Vol. 158, 107379, doi: 10.1016/ 
j.cie.2021.107379.

Cao, M. and Zhang, Q. (2011), “Supply chain collaboration: impact on collaborative advantage and 
firm performance”, Journal of Operations Management, Vol. 29 No. 3, pp. 163-180, doi: 
10.1016/j.jom.2010.12.008.

Caylar, P.L., Noterdaeme, O. and Naik, K. (2016), “Digital in industry: from buzzword to value 
creation”, Mckinsey Company. Digit. Mckinsey, Vol. 2 No. 1, pp. 1-9.

Charles, V., Emrouznejad, A. and Gherman, T. (2023), “A critical analysis of the integration of 
blockchain and artificial intelligence for supply chain”, Annals of Operations Research, Vol. 327 
No. 1, pp. 7-47, doi: 10.1007/s10479-023-05169-w.

TQM
38,11

228

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.1080/10429247.2020.1783935
https://doi.org/10.1080/10429247.2020.1783935
https://doi.org/10.1108/tqm-06-2023-0193
https://doi.org/10.1108/tqm-08-2023-0249
https://doi.org/10.1108/tqm-03-2025-0166
https://doi.org/10.1108/tqm-03-2025-0166
https://doi.org/10.1108/tqm-06-2021-0180
https://doi.org/10.1504/ijaape.2005.007673
https://doi.org/10.1504/ijaape.2005.007673
https://doi.org/10.1108/17410401111150779
https://doi.org/10.1016/j.promfg.2017.09.045
https://doi.org/10.1016/j.promfg.2017.09.045
https://doi.org/10.1080/09537287.2019.1631458
https://doi.org/10.1080/09537287.2019.1631458
https://doi.org/10.1006/mare.1998.0091
https://doi.org/10.1016/j.cie.2021.107379
https://doi.org/10.1016/j.cie.2021.107379
https://doi.org/10.1016/j.jom.2010.12.008
https://doi.org/10.1007/s10479-023-05169-w


Chiarini, A. (2020), “Industry 4.0, quality management and TQM world. A systematic literature review 
and a proposed agenda for further research”, The TQM Journal, Vol. 32 No. 4, pp. 603-616, doi: 
10.1108/tqm-04-2020-0082.

Chopra, S. and Sodhi, M. (2014), “Reducing the risk of supply chain disruptions”, MIT Sloan 
Management Review, Vol. 55 No. 3, pp. 73-80.

Cichosz, M., Wallenburg, C.M. and Knemeyer, A.M. (2020), “Digital transformation at logistics 
service providers: barriers, success factors and leading practices”, International Journal of 
Logistics Management, Vol. 31 No. 2, pp. 209-238, doi: 10.1108/ijlm-08-2019-0229.

Cinquini, L., Rapaccini, M. and Giannetti, R. (2019), “White Paper-ROI 4.0: Un modello di ROI per la 
valutazione della creazione di valore in Industria 4.0”, Federazione ANIE.

Cocca, P. and Alberti, M. (2010), “A framework to assess performance measurement systems in 
SMEs”, International Journal of Productivity and Performance Management, Vol. 59 No. 2, 
pp. 186-200, doi: 10.1108/17410401011014258.

Colombo, A.W., Karnouskos, S., Kaynak, O., Shi, Y. and Yin, S. (2017), “Industrial cyberphysical 
systems: a backbone of the fourth industrial revolution”, IEEE Industrial Electronics Magazine, 
Vol. 11 No. 1, pp. 6-16, doi: 10.1109/mie.2017.2648857.

Dai, J. and Vasarhelyi, M.A. (2023), “Management Accounting 4.0: the future of management 
accounting”, Journal of Emerging Technologies in Accounting, Vol. 20 No. 1, pp. 1-13, doi: 
10.2308/jeta-2023-009.

Di Nardo, M., Gallab, M., Murino, T., Wu, J. and Pandey, S. (2025), “Integrating sustainability and 
Industry 4.0: a framework for sustainable Logistics 4.0”, Circular Economy and Sustainability, 
Vol. 5 No. 3, pp. 1-39, doi: 10.1007/s43615-024-00492-1.

Diamantopoulos, A. and Winklhofer, H.M. (2001), “Index construction with formative indicators: An 
alternative to scale development”, Journal of Marketing Research, Vol. 38 No. 2, pp. 269-277, 
doi: https://doi.org/10.1509/jmkr.38.2.269.18845.

Fawcett, S.E., Jones, S.L. and Fawcett, A.M. (2012), “Supply chain trust: the catalyst for collaborative 
innovation”, Business Horizons, Vol. 55 No. 2, pp. 163-178, doi: 10.1016/j.bushor.2011.11.004.

Ferraz Junior, S. and Gonçalves, R.F. (2025), “Quality 4.0 in industrial organizations: challenges, 
benefits, and a research agenda”, The TQM Journal, Vol. ahead-of-print, pp. 1-22, doi: 10.1108/ 
tqm-01-2025-0034.

Few, S. (2006), Information Dashboard Design: the Effective Visual Communication of Data, O’Reilly 
Media, Sebastopol, CA.

Figge, F., Hahn, T., Schaltegger, S. and Wagner, M. (2002), “The sustainability balanced scorecard – 
linking sustainability management to business strategy”, Business Strategy and the Environment, 
Vol. 11 No. 5, pp. 269-284, doi: 10.1002/bse.339.

Franco-Santos, M., Lucianetti, L. and Bourne, M. (2012), “Contemporary performance measurement 
systems: a review of their consequences and a framework for research”, Management 
Accounting Research, Vol. 23 No. 2, pp. 79-119, doi: 10.1016/j.mar.2012.04.001.

Frederico, G.F., Garza-Reyes, J.A., Kumar, A. and Kumar, V. (2021), “Performance measurement for 
supply chains in the Industry 4.0 era: a balanced scorecard approach”, International Journal of 
Productivity and Performance Management, Vol. 70 No. 4, pp. 789-807, doi: 10.1108/ijppm-08-
2019-0400.

Garengo, P. and Biazzo, S. (2012), “Unveiling strategy in SMEs through balanced scorecard 
implementation: a circular methodology”, Total Quality Management and Business Excellence, 
Vol. 23 No. 1, pp. 79-102, doi: 10.1080/14783363.2011.637800.

Gaspars-Wieloch, H. (2019), “Project net present value estimation under uncertainty”, Central European 
Journal of Operations Research, Vol. 27 No. 1, pp. 179-197, doi: 10.1007/s10100-017-0500-0.

Gebauer, H., Fleisch, E., Lamprecht, C. and Wortmann, F. (2020), “Growth paths for overcoming the 
digitalization paradox”, Business Horizons, Vol. 63 No. 3, pp. 313-323, doi: 10.1016/ 
j.bushor.2020.01.005.

The TQM Journal

229

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.1108/tqm-04-2020-0082
https://doi.org/10.1108/ijlm-08-2019-0229
https://doi.org/10.1108/17410401011014258
https://doi.org/10.1109/mie.2017.2648857
https://doi.org/10.2308/jeta-2023-009
https://doi.org/10.1007/s43615-024-00492-1
https://doi.org/10.1509/jmkr.38.2.269.18845
https://doi.org/10.1016/j.bushor.2011.11.004
https://doi.org/10.1108/tqm-01-2025-0034
https://doi.org/10.1108/tqm-01-2025-0034
https://doi.org/10.1002/bse.339
https://doi.org/10.1016/j.mar.2012.04.001
https://doi.org/10.1108/ijppm-08-2019-0400
https://doi.org/10.1108/ijppm-08-2019-0400
https://doi.org/10.1080/14783363.2011.637800
https://doi.org/10.1007/s10100-017-0500-0
https://doi.org/10.1016/j.bushor.2020.01.005
https://doi.org/10.1016/j.bushor.2020.01.005


Giannetti, R. (2013), “Quality costing”, in Mitchell, F., Nørreklit, H. and Jakobsen, M. (Eds), The 
Routledge Companion to Cost Management, Routledge, pp. 296-319.

Giannetti, R., Cinquini, L. and Rapaccini, M. (2021), “La valutazione degli investimenti in Industria 
4.0: oltre l’old wine in new bottles”, Management Control, No. 2, pp. 65-90, doi: 10.3280/ 
maco2021-002-s1004.

Gregor, S. (2006), “The nature of theory in information systems”, MIS Quarterly, Vol. 30 No. 3, 
pp. 611-642, doi: 10.2307/25148742.

Gunasekaran, A., Patel, C. and McGaughey, R.E. (2004), “A framework for supply chain performance 
measurement”, International Journal of Production Economics, Vol. 87 No. 3, pp. 333-347, doi: 
10.1016/j.ijpe.2003.08.003.

Hajdasi�nski, M.M. (1993), “The payback period as a measure of profitability and liquidity”, The 
Engineering Economist, Vol. 38 No. 3, pp. 177-191, doi: 10.1080/00137919308903096.

Hansen, E.G. and Schaltegger, S. (2016), “The sustainability balanced scorecard: a systematic review 
of architectures”, Journal of Business Ethics, Vol. 133 No. 2, pp. 193-221, doi: 10.1007/s10551-
014-2340-3.

Helm, S. (2007), “One reputation or many? Comparing stakeholders’ perceptions of corporate 
reputation”, Corporate Communications: An International Journal, Vol. 12 No. 3, pp. 238-254, 
doi: 10.1108/13563280710776842.

Hofmann, E. and R€usch, M. (2017), “Industry 4.0 and the current status as well as future prospects on 
logistics”, Computers in Industry, Vol. 89, pp. 23-34, doi: 10.1016/j.compind.2017.04.002.

Ittner, C.D. (2008), “Does measuring intangibles for management purposes improve performance? A 
review of the evidence”, Accounting and Business Research, Vol. 38 No. 3, pp. 261-272, doi: 
10.1080/00014788.2008.9663338.

Ittner, C.D. and Larcker, D.F. (2003), “Coming up short on nonfinancial performance measurement”, 
Harvard Business Review, Vol. 81 No. 11, pp. 88-95.

Jiang, L., Tran, N.K. and Babar, M.A. (2022), “Mod2Dash: a framework for model-driven dashboards 
generation”, arXiv preprint arXiv:2205.07204.

Jochem, R., Menrath, M. and Landgraf, K. (2010), “Implementing a quality-based performance 
measurement system: a case study approach”, The TQM Journal, Vol. 22 No. 4, pp. 410-422, 
doi: 10.1108/17542731011053334.

Joppen, R., von Enzberg, S., Gundlach, J., K€uhn, A. and Dumitrescu, R. (2019), “Key performance 
indicators in the production of the future”, Procedia CIRP, Vol. 81, pp. 759-764, doi: 10.1016/ 
j.procir.2019.03.190.

Jung, K., Kulvatunyou, B., Choi, S. and Brundage, M.P. (2016), “An overview of a smart 
manufacturing system readiness assessment”, IFIP International Conference on Advances in 
Production Management Systems, Springer International Publishing, Cham, pp. 705-712.

Juran, J.M. and Gryna, F.M. (1988), Juran’s Quality Control Handbook, 4th ed., McGraw-Hill, New 
York, NY.

Kane, G.C., Palmer, D., Phillips, A.N., Kiron, D. and Buckley, N. (2015), Strategy, Not Technology, 
Drives Digital Transformation, MIT Sloan management review and Deloitte University 
Press, Vol. 14.

Kaplan, R.S. and Norton, D.P. (1992), “The balanced scorecard: measures that drive performance”, 
Harvard Business Review, Vol. 70 No. 1, pp. 71-79.

Kaplan, R.S. and Norton, D.P. (2004), Strategy Maps: Converting Intangible Assets into Tangible 
Outcomes, Harvard Business School Press, Boston, MA.

Kasperskaya, Y. and Tayles, M. (2013), “The role of causal links in performance measurement 
models”, Managerial Auditing Journal, Vol. 28 No. 5, pp. 426-443, doi: 10.1108/ 
02686901311327209.

Kayikci, Y. (2018), “Sustainability impact of digitization in logistics”, Procedia Manufacturing, 
Vol. 21, pp. 782-789, doi: 10.1016/j.promfg.2018.02.184.

TQM
38,11

230

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.3280/maco2021-002-s1004
https://doi.org/10.3280/maco2021-002-s1004
https://doi.org/10.2307/25148742
https://doi.org/10.1016/j.ijpe.2003.08.003
https://doi.org/10.1080/00137919308903096
https://doi.org/10.1007/s10551-014-2340-3
https://doi.org/10.1007/s10551-014-2340-3
https://doi.org/10.1108/13563280710776842
https://doi.org/10.1016/j.compind.2017.04.002
https://doi.org/10.1080/00014788.2008.9663338
https://doi.org/10.1108/17542731011053334
https://doi.org/10.1016/j.procir.2019.03.190
https://doi.org/10.1016/j.procir.2019.03.190
https://doi.org/10.1108/02686901311327209
https://doi.org/10.1108/02686901311327209
https://doi.org/10.1016/j.promfg.2018.02.184


Kembro, J.H., Norrman, A. and Eriksson, E. (2018), “Adapting warehouse operations and design to 
omni-channel logistics: a literature review and research agenda”, International Journal of 
Physical Distribution and Logistics Management, Vol. 48 No. 9, pp. 890-912, doi: 10.1108/ 
ijpdlm-01-2017-0052.

Khan, M.G., Huda, N.U. and Zaman, U.K.U. (2022), “Smart warehouse management system: 
architecture, real-time implementation and prototype design”, Machines, Vol. 10 No. 2, p. 150, 
doi: 10.3390/machines10020150.

Kober, R. and Northcott, D. (2021), “Testing cause-and-effect relationships within a balanced 
scorecard”, Accounting and Finance, Vol. 61 No. S1, pp. 1815-1849, doi: 10.1111/acfi.12645.

Kortmann, S. (2015), “The mediating role of strategic orientations on the relationship between 
ambidexterity-oriented decisions and innovative ambidexterity”, Journal of Product Innovation 
Management, Vol. 32 No. 5, pp. 666-684, doi: 10.1111/jpim.12151.

Kraus, P., Kappl, J. and Schlegel, D. (2024), “To invest or not to invest in digital initiatives? An 
exploratory examination of procedures, evaluation criteria and barriers”, Digital transformation 
and society, Vol. 3 No. 4, pp. 410-423, doi: 10.1108/dts-02-2024-0004.

Kumar, V., De Grosbois, D., Choisne, F. and Kumar, U. (2008), “Performance measurement 
by TQM adopters”, The TQM Journal, Vol. 20 No. 3, pp. 209-222, doi: 10.1108/ 
17542730810867236.

Leach, D.J., Wall, T.D. and Jackson, P.R. (2003), “The effect of empowerment on job 
knowledge: an empirical test involving operators of complex technology”, Journal of 
Occupational and Organizational Psychology, Vol. 76 No. 1, pp. 27-52, doi: 10.1348/ 
096317903321208871.

Lee, H.L. (2004), “The triple-A supply chain”, Harvard Business Review, Vol. 82 No. 10, pp. 102-113.
Li, S., Ragu-Nathan, B., Ragu-Nathan, T.S. and Rao, S.S. (2006), “The impact of supply chain 

management practices on competitive advantage and organizational performance”, Omega, 
Vol. 34 No. 2, pp. 107-124, doi: 10.1016/j.omega.2004.08.002.

Lichtblau, K., Stich, V., Bertenrath, R., Blum, M., Bleider, M., Millack, A. and Schr€oter, M. (2015), 
Industrie 4.0 Readiness [eng.], VDMA’s IMPULS-Stiftung, Frankfurt, Hesse.

Lilian Chan, Y.C. (2004), “Use of capital budgeting techniques and an analytic approach to capital 
investment decisions in Canadian municipal governments”, Public Budgeting and Finance, 
Vol. 24 No. 2, pp. 40-58, doi: 10.1111/j.0275-1100.2004.02402003.x.

Lueg, R. and Vu, L. (2015), “Success factors in balanced scorecard implementations–A literature 
review”, Management Revue, Vol. 26 No. 4, pp. 306-327, doi: 10.5771/0935-9915-2015-4-306.

Lynch, R.L. and Cross, K.F. (1991), Measure up — Yardsticks for Continuous Improvement, Basil 
Blackwell, Cambridge, MA.

Magni, C.A. (2009), “Splitting up value: a critical review of residual income theories”, European 
Journal of Operational Research, Vol. 198 No. 1, pp. 1-22, doi: 10.1016/j.ejor.2008.09.018.

Meier, K.J. (2020), “Additive manufacturing–driving massive disruptive change in supply chain 
management”, Journal of Work-Applied Management, Vol. 12 No. 2, pp. 221-231, doi: 10.1108/ 
jwam-05-2020-0024.

Melnyk, S., Bitici, U., Platts, K., Tobias, J. and Anderson, B. (2014), “Is performance measurement and 
management fit for the future?”, Management Accounting Research, Vol. 25 No. 2, pp. 173-186, 
doi: 10.1016/j.mar.2013.07.007.

Meredith, J. (1993), “Theory building through conceptual methods”, International Journal of 
Operations and Production Management, Vol. 13 No. 5, pp. 3-11, doi: 10.1108/ 
01443579310028120.

Mittal, S., Khan, M.A., Romero, D. and Wuest, T. (2018), “A critical review of smart manufacturing & 
Industry 4.0 maturity models: implications for small and medium-sized enterprises (SMEs)”, 
Journal of Manufacturing Systems, Vol. 49, pp. 194-214.

The TQM Journal

231

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.1108/ijpdlm-01-2017-0052
https://doi.org/10.1108/ijpdlm-01-2017-0052
https://doi.org/10.3390/machines10020150
https://doi.org/10.1111/acfi.12645
https://doi.org/10.1111/jpim.12151
https://doi.org/10.1108/dts-02-2024-0004
https://doi.org/10.1108/17542730810867236
https://doi.org/10.1108/17542730810867236
https://doi.org/10.1348/096317903321208871
https://doi.org/10.1348/096317903321208871
https://doi.org/10.1016/j.omega.2004.08.002
https://doi.org/10.1111/j.0275-1100.2004.02402003.x
https://doi.org/10.5771/0935-9915-2015-4-306
https://doi.org/10.1016/j.ejor.2008.09.018
https://doi.org/10.1108/jwam-05-2020-0024
https://doi.org/10.1108/jwam-05-2020-0024
https://doi.org/10.1016/j.mar.2013.07.007
https://doi.org/10.1108/01443579310028120
https://doi.org/10.1108/01443579310028120


Nardo, M., Saisana, M., Saltelli, A., Tarantola, S., Hoffman, A. and Giovannini, E. (2005), Handbook 
on Constructing Composite Indicators: Methodology and User Guide, OECD Statistics Working 
Papers, doi: 10.1787/533411815016.

Neely, A., Adams, C. and Crowe, P. (2001), “The performance prism in practice”, Measuring Business 
Excellence, Vol. 5 No. 2, pp. 6-13, doi: 10.1108/13683040110385142.

Neely, A.D., Adams, C. and Kennerley, M. (2002), The Performance Prism: the Scorecard for 
Measuring and Managing Business Success, Prentice Hall Financial Times, London,
pp. 159-160.

Nørreklit, H. (2003), “The balanced scorecard: what is the score? A rhetorical analysis of the balanced 
scorecard”, Accounting, Organizations and Society, Vol. 28 No. 6, pp. 591-619, doi: 10.1016/ 
s0361-3682(02)00097-1.

Nørreklit, H., Nørreklit, L., Mitchell, F. and Bjørnenak, T. (2012), “The rise of the balanced scorecard! 
relevance regained?”, Journal of Accounting and Organizational Change, Vol. 8 No. 4,
pp. 490-510, doi: 10.1108/18325911211273491.

Pandya, D. and Kumar, G. (2023), “Applying Industry 4.0 technologies for the sustainability of small 
service enterprises”, Service Business, Vol. 17 No. 1, pp. 37-59, doi: 10.1007/s11628-022-
00507-7.

Patrick, M. and French, N. (2016), “The internal rate of return (IRR): projections, benchmarks and 
pitfalls”, Journal of Property Investment and Finance, Vol. 34 No. 6, pp. 664-669, doi: 10.1108/ 
jpif-07-2016-0059.

Pauwels, K., Ambler, T., Clark, B.H., LaPointe, P., Reibstein, D., Skiera, B. and Wierenga, B. (2009), 
“Dashboards as a service: why, what, how, and what research is needed?”, Journal of Service 
Research, Vol. 12 No. 2, pp. 175-189.

Penman, S.H. (1991), “An evaluation of accounting rate-of-return”, Journal of Accounting, Auditing 
and Finance, Vol. 6 No. 2, pp. 233-255, doi: 10.1177/0148558x9100600204.

P�erez-Lara, M., Saucedo-Mart�ınez, J.A., Marmolejo-Saucedo, J.A., Salais-Fierro, T.E. and Vasant, P. 
(2020), “Vertical and horizontal integration systems in Industry 4.0”, Wireless Networks, Vol. 26 
No. 7, pp. 4767-4775, doi: 10.1007/s11276-018-1873-2.

Perotti, S., Prataviera, L.B. and Melacini, M. (2022a), “Assessing the environmental impact of logistics 
sites through CO2eq footprint computation”, Business Strategy and the Environment, Vol. 31 
No. 4, pp. 1679-1694, doi: 10.1002/bse.2976.

Perotti, S., Bastidas Santacruz, R.F., Bremer, P. and Beer, J.E. (2022b), “Logistics 4.0 in warehousing: a 
conceptual framework of influencing factors, benefits and barriers”, International Journal of 
Logistics Management, Vol. 33 No. 5, pp. 193-220, doi: 10.1108/ijlm-02-2022-0068.

Plowman, B. (2017), Activity Based Management: Improving Processes and Profitability, Routledge, 
London.

Porter, M.E. (1985), Competitive Advantage: Creating and Sustaining Superior Performance, Free 
Press, New York.

Power, D.J. (2002), Decision Support Systems: Concepts and Resources for Managers, Greenwood 
Publishing Group, Westport, CT.

Power, D.J. and Sharda, R. (2007), “Model-driven decision support systems: concepts and research 
directions”, Decision Support Systems, Vol. 43 No. 3, pp. 1044-1061, doi: 10.1016/ 
j.dss.2005.05.030.

Pranggono, B. and Arabo, A. (2021), “COVID-19 pandemic cybersecurity issues”, Internet Technology 
Letters, Vol. 4 No. 2.

Qin, J., Liu, Y. and Grosvenor, R. (2016), “A categorical framework of manufacturing for 
Industry 4.0 and beyond”, Procedia CIRP, Vol. 52, pp. 173-178, doi: 10.1016/ 
j.procir.2016.08.005.

Rejeb, A., Keogh, J.G., Wamba, S.F. and Treiblmaier, H. (2020), “The potentials of augmented reality 
in supply chain management: a state-of-the-art review”, Management Review Quarterly, Vol. 71 
No. 4, pp. 1-38, doi: 10.1007/s11301-020-00201-w.

TQM
38,11

232

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.1787/533411815016
https://doi.org/10.1108/13683040110385142
https://doi.org/10.1016/s0361-3682(02)00097-1
https://doi.org/10.1016/s0361-3682(02)00097-1
https://doi.org/10.1108/18325911211273491
https://doi.org/10.1007/s11628-022-00507-7
https://doi.org/10.1007/s11628-022-00507-7
https://doi.org/10.1108/jpif-07-2016-0059
https://doi.org/10.1108/jpif-07-2016-0059
https://doi.org/10.1177/0148558x9100600204
https://doi.org/10.1007/s11276-018-1873-2
https://doi.org/10.1002/bse.2976
https://doi.org/10.1108/ijlm-02-2022-0068
https://doi.org/10.1016/j.dss.2005.05.030
https://doi.org/10.1016/j.dss.2005.05.030
https://doi.org/10.1016/j.procir.2016.08.005
https://doi.org/10.1016/j.procir.2016.08.005
https://doi.org/10.1007/s11301-020-00201-w


Richards, G. (2017), Warehouse Management: a Complete Guide to Improving Efficiency and 
Minimizing Costs in the Modern Warehouse, Kogan Page, London.

Sandoval-Ch�avez, D.A. and Beruvides, M.G. (1998), “Using opportunity costs to determine the cost of 
quality: a case study in a continuous-process industry”, The Engineering Economist, Vol. 43 
No. 2, pp. 107-124, doi: 10.1080/00137919808903192.

Sarac, A., Absi, N. and Dauz�ere-P�er�es, S. (2010), “A literature review on the impact of RFID 
technologies on supply chain management”, International Journal of Production Economics, 
Vol. 128 No. 1, pp. 77-95, doi: 10.1016/j.ijpe.2010.07.039.

Scheffran, J. (2006), “Tools for stakeholder assessment and interaction”, in Stakeholder Dialogues in 
Natural Resources Management: Theory and Practice, Springer Berlin Heidelberg, Berlin, 
Heidelberg, pp. 153-185.

Sgr�o, F., Palazzi, F., Ciambotti, M. and Gelsomini, L. (2020), “Factors promoting and hindering the 
adoption of management accounting tools. evidence from Italian manufacturing SMEs”, 
Management Control, No. 1, pp. 19-38, doi: 10.3280/maco2020-001-s1003.

Sharifi, H. and Zhang, Z. (1999), “A methodology for achieving agility in manufacturing organisations: 
an introduction”, International Journal of Production Economics, Vol. 62 Nos 1-2, pp. 7-22, doi: 
10.1016/s0925-5273(98)00217-5.

Sony, M. (2020), “Pros and cons of implementing Industry 4.0 for the organizations: a review and 
synthesis of evidence”, Production and Manufacturing Research, Vol. 8 No. 1, pp. 244-272, doi: 
10.1080/21693277.2020.1781705.

Sony, M. and Naik, S. (2020), “Key ingredients for evaluating Industry 4.0 readiness for organizations: 
a literature review”, Benchmarking: An International Journal, Vol. 27 No. 7, pp. 2213-2232, doi: 
10.1108/bij-09-2018-0284.

Sony, M., Antony, J., Douglas, J.A. and McDermott, O. (2021), “Motivations, barriers and readiness 
factors for Quality 4.0 implementation: an exploratory study”, The TQM Journal, Vol. 33 No. 6, 
pp. 1502-1515, doi: 10.1108/tqm-11-2020-0272.

Sousa, S. and Aspinwall, E. (2010), “Development of a performance measurement framework for 
SMEs”, Total Quality Management, Vol. 21 No. 5, pp. 475-501, doi: 10.1080/ 
14783363.2010.481510.

Stalk, G. (2012), “Time–the next source of competitive advantage”, in The Roots of Logistics, Springer, 
Berlin, Heidelberg, pp. 195-212.

Stank, T.P., Keller, S.B. and Daugherty, P.J. (2001), “Supply chain collaboration and logistical service 
performance”, Journal of Business Logistics, Vol. 22 No. 1, pp. 29-48, doi: 10.1002/j.2158-
1592.2001.tb00158.x.

Stewart, G.B. (1991), The Quest for Value: a Guide for Senior Managers, HarperBusiness, New York.
Sun, X., Yu, H., Solvang, W.D., Wang, Y. and Wang, K. (2022), “The application of Industry 4.0 

technologies in sustainable logistics: a systematic literature review (2012-2020) to explore future 
research opportunities”, Environmental Science and Pollution Research, Vol. 29 No. 7, pp. 1-32, 
doi: 10.1007/s11356-021-17693-y.

Sveiby, K.E. (1997), “The intangible assets monitor”, Journal of Human Resource Costing and 
Accounting, Vol. 2 No. 1, pp. 73-97, doi: 10.1108/eb029036.

Theurer, C.P., Tumasjan, A., Welpe, I.M. and Lievens, F. (2018), “Employer branding: a brand equity-
based literature review and research agenda”, International Journal of Management Reviews, 
Vol. 20 No. 1, pp. 155-179, doi: 10.1111/ijmr.12121.

Tubis, A.A. and Grzybowska, K. (2022), “In search of Industry 4.0 and logistics 4.0 in small-medium 
enterprises—A state of the art review”, Energies, Vol. 15 No. 22, p. 8595, doi: 10.3390/en15228595.

Tuomela, T.S. (2005), “The interplay of different levers of control: a case study of introducing a new 
performance measurement system”, Management Accounting Research, Vol. 16 No. 3,
pp. 293-320, doi: 10.1016/j.mar.2005.06.003.

Van Criekingen, K., Bloch, C. and Eklund, C. (2022), “Measuring intangible assets—A review of the state 
of the art”, Journal of Economic Surveys, Vol. 36 No. 5, pp. 1539-1558, doi: 10.1111/joes.12475.

The TQM Journal

233

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.1080/00137919808903192
https://doi.org/10.1016/j.ijpe.2010.07.039
https://doi.org/10.3280/maco2020-001-s1003
https://doi.org/10.1016/s0925-5273(98)00217-5
https://doi.org/10.1080/21693277.2020.1781705
https://doi.org/10.1108/bij-09-2018-0284
https://doi.org/10.1108/tqm-11-2020-0272
https://doi.org/10.1080/14783363.2010.481510
https://doi.org/10.1080/14783363.2010.481510
https://doi.org/10.1002/j.2158-1592.2001.tb00158.x
https://doi.org/10.1002/j.2158-1592.2001.tb00158.x
https://doi.org/10.1007/s11356-021-17693-y
https://doi.org/10.1108/eb029036
https://doi.org/10.1111/ijmr.12121
https://doi.org/10.3390/en15228595
https://doi.org/10.1016/j.mar.2005.06.003
https://doi.org/10.1111/joes.12475


Wang, S., Wan, J., Li, D. and Zhang, C. (2016), “Implementing smart factory of industrie 4.0: an 
outlook”, International Journal of Distributed Sensor Networks, Vol. 12 No. 1, p. 3159805, doi: 
10.1155/2016/3159805.

Winkelhaus, S. and Grosse, E.H. (2020), “Logistics 4.0: a systematic review towards a new logistics 
system”, International Journal of Production Research, Vol. 58 No. 1, pp. 18-43, doi: 10.1080/ 
00207543.2019.1612964.

Wouters, M. and Wilderom, C. (2008), “Developing performance-measurement systems as enabling 
formalization: a longitudinal field study of a logistics department”, Accounting, Organizations 
and Society, Vol. 33 Nos 4-5, pp. 488-516, doi: 10.1016/j.aos.2007.05.002.

Yigitbasioglu, O.M. and Velcu, O. (2012), “A review of dashboards in performance management: 
implications for design and research”, International Journal of Accounting Information Systems, 
Vol. 13 No. 1, pp. 41-59, doi: 10.1016/j.accinf.2011.08.002.

Z�eghal, D. and Maaloul, A. (2011), “The accounting treatment of intangibles–A critical review of the 
literature”, Accounting Forum, Vol. 35 No. 4, pp. 262-274, doi: 10.1016/j.accfor.2011.04.003.

Zhang, Z., Chen, J. and Guo, Q. (2023), “Application of automated guided vehicles in smart 
Automated warehouse systems: a survey”, CMES-Computer Modeling in Engineering and 
Sciences, Vol. 134 No. 3, pp. 1529-1563.

Further reading
Bag, S., Yadav, G., Dhamija, P. and Kataria, K.K. (2021), “Key resources for Industry 4.0 adoption and 

its effect on sustainable production and circular economy: an empirical study”, Journal of 
Cleaner Production, Vol. 281, p. 125233.

Dyer, J.H. and Singh, H. (1998), “The relational view: cooperative strategy and sources of 
interorganizational competitive advantage”, Academy of Management Review, Vol. 23 No. 4, 
pp. 660-679, doi: 10.2307/259056.

Gunasekaran, A., Patel, C. and Tirtiroglu, E. (2001), “Performance measures and metrics in a supply 
chain environment”, International Journal of Operations and Production Management, Vol. 21 
Nos 1/2, pp. 71-87, doi: 10.1108/01443570110358468.

Johansson, C. and Abrahamsson, M. (2009), “An analysis of the drivers for proactive and reactive 
performance measurement in logistical operations”, International Journal of Physical 
Distribution and Logistics Management, Vol. 39 No. 6, pp. 491-510.

Kopp, T., Baumgartner, M., Seeger, M. and Kinkel, S. (2023), “Perspectives of managers and workers 
on the implementation of automated-guided vehicles (AGVs)—a quantitative survey”, The 
International Journal of Advanced Manufacturing Technology, Vol. 126 No. 11, pp. 5259-5275, 
doi: 10.1007/s00170-023-11294-4.

Kumar, S., Narkhede, B.E. and Jain, K. (2021), “Revisiting the warehouse research through an 
evolutionary lens: a review from 1990 to 2019”, International Journal of Production Research, 
Vol. 59 No. 11, pp. 3470-3492, doi: 10.1080/00207543.2020.1867923.

Magnacca, F., Giannetti, R. and Cinquini, L. (2024), “Improving organisational capabilities: a cost 
maturity model for enhanced intra-and inter-organisational performance”, International Journal 
of Productivity and Performance Management, Vol. 73 No. 11, pp. 325-354, doi: 10.1108/ijppm-
05-2023-0272.

Moeuf, A., Pellerin, R., Lamouri, S., Tamayo-Giraldo, S. and Barbaray, R. (2018), “The industrial 
management of SMEs in the era of Industry 4.0”, International Journal of Production Research, 
Vol. 56 No. 3, pp. 1118-1136, doi: 10.1080/00207543.2017.1372647.

O’Hanlon, J. and Peasnell, K. (1998), “Wall Street’s contribution to management accounting: the stern 
stewart EVA® financial management system”, Management Accounting Research, Vol. 9 No. 4, 
pp. 421-444, doi: 10.1006/mare.1998.0089.

Onstein, A.T., Ektesaby, M., Rezaei, J., Tavasszy, L.A. and van Damme, D.A. (2020), “Importance of 
factors driving firms’ decisions on spatial distribution structures”, International Journal of 
Logistics Research and Applications, Vol. 23 No. 1, pp. 24-43, doi: 10.1080/ 
13675567.2019.1574729.

TQM
38,11

234

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

https://doi.org/10.1155/2016/3159805
https://doi.org/10.1080/00207543.2019.1612964
https://doi.org/10.1080/00207543.2019.1612964
https://doi.org/10.1016/j.aos.2007.05.002
https://doi.org/10.1016/j.accinf.2011.08.002
https://doi.org/10.1016/j.accfor.2011.04.003
https://doi.org/10.2307/259056
https://doi.org/10.1108/01443570110358468
https://doi.org/10.1007/s00170-023-11294-4
https://doi.org/10.1080/00207543.2020.1867923
https://doi.org/10.1108/ijppm-05-2023-0272
https://doi.org/10.1108/ijppm-05-2023-0272
https://doi.org/10.1080/00207543.2017.1372647
https://doi.org/10.1006/mare.1998.0089
https://doi.org/10.1080/13675567.2019.1574729
https://doi.org/10.1080/13675567.2019.1574729


Porter, M.E. and Heppelmann, J.E. (2015), “How smart, connected products are transforming 
companies”, Harvard Business Review, Vol. 93 No. 10, pp. 96-114.

Ustundag, A., Cevikcan, E., Akdil, K.Y., Ustundag, A. and Cevikcan, E. (2018), “Maturity and 
readiness model for Industry 4.0 strategy”, in Industry 4.0: Managing the Digital 
Transformation, pp. 61-94.

Corresponding author
Giuseppe La Ragione can be contacted at: giuseppe.laragione@uniparthenope.it

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

The TQM Journal

235

Downloaded from http://ftp.nowpublishers.com/tqm/article-pdf/38/11/202/11654639/tqm-03-2025-0190en.pdf by guest on 16 July 2026

mailto:giuseppe.laragione@uniparthenope.it

	Integration of Industry 4.0 technologies in logistics SMEs in warehouse management: a dashboard to identify challenges, opp ...
	Introduction
	Literature background on I4.0 readiness and impact assessment in logistics SMEs
	Readiness dimensions for I4.0 adoption in logistics SMEs in warehouse management
	Capital budgeting and performance measurement systems for investment evaluation: the need to balance reliability and feasib ...

	Proposing LIRA: a strategic dashboard for Logistics I4.0 readiness
	Dashboard development
	FBBs of organizational readiness
	Definition of technological domain: warehouse logistics
	OCs' assessment in the technological domain
	ROI 4.0 framework and its adaptation to warehouse management
	ROI 4.0
	ROI 4.0 adaptation to warehouse management


	Assessing readiness through the LIRA dashboard: structure and indicators
	Conclusions
	Theoretical implications
	Managerial implications
	Research limitations and future research

	Appendix 1
	Appendix 2
	Appendix 2
	References
	Further reading


