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Abstract

:

Can public–private research favor sustainable economic growth? Can innovation in terms of predictive maintenance (a recently consolidated evolution compared to the more traditional final and preventive maintenance) favor sustainable business balance? Drawing on the Quadruple Helix model and adopting the users’ (fourth helix) perspective, this paper seeks to provide initial answers to these two questions. Following an exploratory approach, it applies case study methodology to present the research outcomes of the D.I.A.S.E.I. Project, a co-financed research and development (R&D) project. Using a mixed-methods approach, narrative and quantitative, the study highlights that investing in predictive maintenance allows companies to reach better profitability ratios and sustainable value indexes. This is possible because of the improved quality of the provided services, higher revenues and the reduction of extraordinary maintenance costs. Furthermore, if companies support investment in predictive maintenance through correct financial decisions, they may create value over time and favor sustainable business balance. The work is the first empirical investigation, which should encourage further explorations. There are numerous implications, including reference to the co-creation of value, the effects on decision support systems and sustainable competitive advantage.
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1. Introduction


Public–private research, involving government, academia and industry, has mainly been studied through the lens of the Triple Helix Model. However, more recent studies have begun to include the role of other helices [1]. In particular, some studies have found there is an important role played by the ‘fourth helix,’ which represents public users in civic society who are the recipients of innovations developed through public–private research [2]. These users may lead the process of innovation development and benefit from the implementation of the new product/process.



By adopting the users’ perspectives, this research aims to study if public–private research may favor sustainable economic growth. In detail, it aims to verify whether and how the introduction of a new technology, developed through public–private research, affects companies’ performance and their ability to create sustainable value over time.



The new technology that is the object of study is predictive maintenance (PdM), a recently consolidated approach to maintenance compared to the more traditional forms of final and preventive maintenance.



Today, decision-making processes are increasingly data-driven, decisions more ‘informed’ [3], the exchange of information is rapid (often in real-time), it can be precise, punctual, efficient and valid. Many opportunities arise from the use of high technologies in organizational and management domains, achieving greater efficiency and effectiveness in process and timeliness, reliability, predictability and consistency between quality and safety performance.



Nevertheless, the risk of ’data deluge’ and the difficulty of ensuring there are useful elements of data is very high, while the ability to make quick, accurate and comprehensive decisions becomes increasingly fundamental. The evolution of decision support systems (DSS) is of increasing importance in many aspects of service provision, for diagnostics (descriptive analytics), assistance phases (follow-up analytics) and forecasting possible future choices (predictive analytics) and related reasons (prescriptive analytics) [4,5]. In business operations, information reliability is fundamental to many sectors worldwide and deserves to be supported by proper analysis of available data [6]. As the degree of reliability increases, the costs related to breakdowns, spare parts, costs deriving from lack of productivity or maintenance costs all reduce [7].



In the industrial field, in particular, a thorough maintenance policy is needed in order to avoid or prevent premature failures (attributed to design deficiency or installation defects), accidental or random failures (non-nominal operating conditions producing inevitable alterations with consequent loss of operational capabilities) and structural failures (which often led to the preventive replacement of obsolete components) [8].



All this leads to a focus on the evolution in human–machine interactions derived from the arising platformization in today’s decision-making processes. Sometimes, the use of information technology (IT) tools (such as artificial intelligence (AI), DSS or chatbots) to make appropriate decisions appears unsuccessful and unsupportive for humans (e.g., non-performance/wrong performance/poor performance of the task), non-humans (e.g., non-learning or erroneous learning from the human interaction) and the ecosystem in which they interact (e.g., processes do not increase the ecosystem viability/continuity as a whole) [9].



A new technology based on the principles of PdM has been developed within a co-financed research and development (R&D) project. This project, entitled ‘D.I.A.S.E.I.-Diagnosis of Failures and PdM in Innovative Energy Systems,’ was completed in 2020 and involved the present researchers [10]. It has been presented and conducted by the Department of Science and Business-Management and Innovation Systems (DISA-MIS) of Salerno University (UniSA), in collaboration with two private partners (Cosmo Service Ltd. and C.O.M.E.A. Consortium) operating in the Campania Region of Italy, in the energy sector, funded by the Campania Region (POR FESR 2014/20).



For the purpose of the present paper, this project is selected as a case study to verify whether and to what extent PdM affects the performance and the ability of companies that equip themselves with appropriate tools and/or invest in targeted industrial research and experimental development to create sustainable value over time. The uniqueness of the project allows preliminary conceptualizations on an unexplored theme, that of PdM, according to an exploratory approach [11].



The case study methodology [12] is appropriate to address the two related research questions:




	(i)

	
Can public–private research favor sustainable economic growth?




	(ii)

	
Can, specifically, innovation in terms of PdM favor sustainable business balance?









By framing the study via the Quadruple Helix, the D.I.A.S.E.I. Project allows focus on the fourth helix—the users, here intended as providers—who may decide to invest in the innovative technology developed within the project. This technology is intended to support analysis, diagnosis, the proposal of maintenance interventions in a predictive manner and improve the quality of the service provided (such as the supply of electricity) with respect to the management and anticipation of future possible physiological/structural or contingent/occasional challenges. Specifically, in this work, reference is made to energy devices and, therefore, both the indicators and the references to PdM refer to the energy sector.



The findings make a small contribution to the issue of sustainability. First, the narration of the D.I.A.S.E.I project allows for the implementation of the Quadruple Helix model on a real case and confirms the importance of the fourth helix (the users). First, the role of PdM users (energy dealers) is explicitly highlighted, even if final users of energy provision (people) are also relevant to the overall evaluation of performance level. Second, the quantitative analysis supports what can be speculated about the logical connection between PdM and sustainable corporate balance, especially in an era of continuous uncertainty in which reliable and instant decision support can make a difference in terms of competitiveness. The implications are numerous, including for the co-creation of value, the effects on DSS and sustainable competitive advantage. This first confirmatory analysis may provide useful information for the continuation of exploratory investigations, both desk-based and via fieldwork.



The paper is structured as follows: Section 2 present the scientific framework and starts from the recent advances in studies on sustainability in terms of quadruple/quintuple helices and the potential link with the emergent PdM in business organizations; Section 3 introduces the methodological approach, presenting a summary of the case study (the D.I.A.S.E.I. Project) to propose some hypotheses and describing the data collection process, the quantitative analysis and the main results; Section 4 present the discussion and final remarks, with a focus on value co-creation processes; Section 5 outlines conclusions.




2. Scientific Framework


2.1. Latest Advances in Sustainability Studies


In evolving studies on sustainability, the Triple Helix model [13,14] re-thought the structural links between the well-known fields of environment, society and economy by focusing on their integration, from which institutional agents such as universities, industry and government emerge.



From this starting point, a new role for each agent has been highlighted, as central government shares policies with the recipients (increasing the cooperation with local municipalities), the industry prefers to work on technology-transfer processes that are now more calibrated with local actors and universities open training courses to suit the context of their local communities [15]. What derives from all this is a virtuous self-feeding cycle for mutual benefit, involving all dimensions of social and economic development [16,17], making the holistic lens more evident and insightful [18,19,20].



This understanding helps to highlight that the main dynamics are more recursive and rationally reinforcing: industry works better and delivers greater results if well-trained by universities more efficiently supported by far-sighted planning that is financed and locally managed by the government. In the same way, innovative processes may arise to take advantage of the interactions occurring between each party, joining the key components of knowledge (R&D outcomes and teaching and training), production (productivity and human capital) and stability (political options and public financial investments).



More recently, sustainability has been approached by using a system-thinking framework [21,22]. This helps to appreciate biunivocal or radial synergies originating from a set of sustainable actions intended as a whole [23,24], resource integration from a common and equifinal approach, institutional arrangements deriving from behavioral convergence and cognitive alignment, which all sustain effective decision-making [25,26,27].



These positive effects can be further improved through the understanding of new relevant elements [28]. The inclusion of the emerging fourth and fifth helices in the sustainability graph, civil society (iv) and the environment as a whole (v) foster new reflections in terms of sustainable actions [29] (Figure 1).



Accordingly, the fourth helix allows greater attention on technology transfer in innovative processes, as favored by a cyclic approach and an increased involvement of surrounding actors in acquiring new knowledge [30]. The image shows how the helices overview can graphically change, definitively overcoming the previous icon representation.



The fourth helix of the ‘media-based and culture-based public’ and the ‘civil society’ [2] (p. 13) contributes by making evident the role of users in confirming the sustainability of any adopted solution. This inclusion explains how new instructions can be used, which competencies are needed, how engaged customers can support quality thanks to their active participation and how much this practice increases expertise and knowledge [31]. The consequent iterative and layered process generates new knowledge (‘the stratification of knowledge’) by transforming innovation in technologies and elaborating evolutions in markets [32,33,34].



The alignment among the actors is determined in terms of the ‘degree to which an organization’s design, strategy, and culture are cooperating to achieve the same desired goals. It is a measurement of the agreement or relative distance between several ideal and real elements of organizational life’ [35] (p. 23). The conceptualization of the fourth helix is a key indicator for identifying possible pathways of alignment among the three other helices [36].



The main issue is the capacity of organizations (and then managers) to generate new knowledge helpful to pursue their own final goals while trying to avoid mistakes, disturbances or misalignments. In this sense, information asymmetry takes a role [37] because the analysis of the relationship focuses on instances where the ‘inability to assess quality represents exposure to two different forms of supplier opportunism, namely, misrepresentation of an outlet’s true characteristics and actual quality cheating’ [38].



This also affects human–machine interactions, mainly in terms of knowledge management. To reduce information asymmetry, a cognitive alignment between the actors is requested [39] to handle the problem of cognitive distance, defined broadly as ‘the degree of diversity in research methodologies and in the use and interpretation of knowledge, can influence the process of technology transfer’ [40] (p. 489). Both imposed top-down and spontaneous bottom-up cognitive alignment allow for the avoidance of any type of opportunistic behavior and, at the same time, direct all energy, resources and technology along the same pathway, with positive effects on the value of the achieved result.



In these situations, investments are required to reach cognitive alignment for policy makers, managers and organizations [41], such as: (i) to conceive an educational system that does not only teach the principles of competitiveness; (ii) to develop a social system capable of promoting common values and styles of life; (iii) to promote interaction and relationships not only within the boundaries of specific projects and/or directed at specific aims; (iv) to improve the expertise of policy makers, managers and organizations in terms of finding and promoting pathways for cognitive alignment within organizations and with external actors.




2.2. Exploring the Main Current Features of PdM


In general, information sharing (with shared databases, data storage, data extraction, and data processing) favors a more functional, versatile, scalable, context-friendly service design [42,43], where decision making can make a difference and, therefore, deserves to be further explored.



The main characteristics of the data that can be reached (data acquisition/disclosure), aggregated/combined (data manipulation) and used (data consumption) in the service organizations’ processes are considered the most critical [44]. For this purpose, the 10 Vs of big data will be taken into consideration (Volume, Velocity, Variety, Veracity, Value, Validity, Variability, Venue, Vocabulary and Vagueness) to understand how new knowledge (and, therefore, awareness) is generated in service and how much the decision-making processes are consequently influenced, with particular reference to the possible advantages of meta-data, data modeling/architecture and data integration [45].



In industrial fields, data feed several types of maintenance to sustain the continuity of business over time. The maintenance policies are different and distinguished (and ruled/regulated) as follows:




	
corrective (par. 7.5 of UNI EN 13306: 2018);



	
preventive/cyclical (par. 7.2 of UNI EN 13306: 2018);



	
condition-based (CBM) (par. 7.3 of UNI EN 13306: 2018);



	
predictive (PdM) (par. 7.4 of UNI EN 13306: 2018);



	
improvement (par. 7.4 of UNI 10147: 2013).








PdM allows a forecast of the moment in which the parameter under control will exceed the preset limit threshold and includes the development of forecast models based on operating data and the monitoring parameters of the entity to be maintained [46]. Specifically, PdM acts for:




	(i)

	
real-time diagnostics of each component, which can also be consulted remotely;




	(ii)

	
greater knowledge of the interaction between the pieces forming the production platform, which in turn depends on the aforementioned availability of real-time data on the individual components;




	(iii)

	
refined understanding of the causes and effects of each production stage;




	(iv)

	
greater accuracy in predicting the malfunction of machinery and individual components;




	(v)

	
minimization of sudden stops, since the weak signals of a forthcoming fault are detected, and action is taken by scheduling maintenance activities;




	(vi)

	
greater respect for delivery times, because by avoiding unexpected stops, it is possible to respect production plans;




	(vii)

	
minimization of production waste because the maintenance intervention prevents failures and malfunctions, reducing production defects and resulting waste.









The most used methods of decision-making in service can be improved/refined/streamlined from the point of view of data management (such as cloud computing for information sharing or artificial intelligence) for interpretation by available data and the generation of new data, as well as machine learning, data mining and sentiment analysis [47,48].



The failure rate is the ratio between the probability that the failure occurs in an elementary time interval and the duration of that interval. This is assuming that at the time t the component is still functional. It has dimension (t−1) and can be interpreted as ‘number of failures per unit of time’ (Figure 2).



Different value ranges of the aforementioned parameter are distinguished, which express different states of the system, from a very stable system (very low parameter) to a stable system, to a system in pre-alarm, passing through a system requiring preventive maintenance and, finally, a system requiring maintenance for failure occurred. The time that is believed to elapse between one control and another of the parameter is shown on the abscissa axis. In very stable system conditions at instant t_k, a new check at instant t_k + ∆t_3 is suggested, which is longer than the time interval to the next check, necessary in the case of a stable system, and much longer than when the system immediately t_k is in pre-alarm.



The implementation of predictive analytics solutions within a production architecture that was not designed with a view to sustainable Industry 4.0 may seem extremely difficult and lead to the observed system being not sustainable at all. Below is a shortlist of the main tools required to draw on data useful for predictive purposes [49,50] to properly support human–machine interaction within decision-making processes:




	
sensors, necessary for the real-time collection of data from the machines (Internet of Things-IoT-paradigm). It should be noted that in addition to maintenance purposes, the installation of sensors on production machinery can be useful for multiple purposes in a smart factory;



	
communication software to facilitate the exchange of information between production machinery within the factory. Gateway devices are a point of contact between controllers, for example, a programmable logic controller (PLC) and the computational platform that unifies and analyzes the collected data. These devices also have the function of protecting the IoT network, monitoring the transport of data and ensuring interoperability between devices within the production space;



	
analytical infrastructure, which includes the tools capable of efficiently completing the data ingestion and storage processes of the amount of data produced by the various sources. With the presence of immense and diverse amounts of data, the traditional data warehouse is being replaced by a more powerful and efficient infrastructure called a data lake. The analytical infrastructure, therefore, also includes the tools that can process the data present in the data lake and present them efficiently;



	
predictive platform, the computational heart that aims to analyze the various information provided by the production apparatus and provide business rules that can be quickly implemented. The creation of predictive models is usually outsourced, but the forecasts provided by a PdM solution can be incorporated into the production process so that more or less immediate decisions can be made based on the forecasts themselves.








Figure 3 shows how the flow can be in a cyclical manner, highlighting the self-feeding iterative process [47,51]. Starting from data extraction (1) through several sources, such as machine and plant sensors, as well as several relevant inputs from daily operations, a number of different analyses (2) should be done in order to output some check and alert reports. After acquiring data as they have been clustered, an effective information sharing activity (3) occurs and should be managed with appropriate instruments (databases and multiple device interfaces) followed by a machine learning process (4) to properly filter data for mining and classification. Finally, a PdM (5) can derive as a result of the entire flow as a whole for the definition of new statistical models and insightful decision-making. This, in the end, will be the initial step for the next cycle.



The typical flowchart is no longer applicable here. The cyclic approach is more appropriate and occurs (for instance) in the logic of maintenance for several instruments and plants in firms.



In the presence of these components, it is possible to collect real-time data on temperature, vibrations, wear, energy consumption, mechanical, electrical and electronic data. These data will be automatically historicized, generally through a business intelligence architecture and analyzed with predictive analysis algorithms. There are several HW/SW architectures on the market to implement PdM solutions in smart factories. Furthermore, from the point of view of the professionals involved, System Applications and Products (SAP) emphasize that not only data scientists should be considered, but also analysts and domain experts.




2.3. Linking Sustainability and PdM


The possibility of a defined link between the capacity to effectively predict future trends (rather than only estimating them) and sustainable actions in business has been confirmed through a recent Scopus literature review of ‘maintenance and sustainability’ [52]. For PdM particularly, in a number of specified business strategies, management tools and technical operations, the link is based on: (i) the endpoint detection systems of semiconductor manufacturing [53]; (ii) the definition of sustainable condition-based maintenance [54]; (iii) sustainable smart manufacturing in Industry 4.0 [55].



Continuing the bridge with sustainability studies, with the introduction of helix inter-spheres discussed above, and the fourth helix, in particular, PdM helps to provide a better service. This has positive effects both for users of the implemented technology (such as firms or dealers) and for the targeted demand who will benefit from a more efficient and qualitative solution, as it will be usefully and properly maintained via the following updates:




	
track and trace, or the ability to follow specific materials or real semi-finished objects for the entire production process, where it is difficult to do so visually;



	
quality control, which can be extended and automated in various production phases;



	
inventory, to monitor and control the quantity of resources used or potentially reusable materials to minimize storage costs and avoid situations of surplus or deficit.








Human–machine interactions are fostered by AI solutions, which are progressing at high speed, showing abilities to perceive words, develop cognition, build relationships and fill roles. However, the foundation of an international Trustable AI committee comprising companies developing AI solutions and the multiple calls for studies still poses many questions on how AI should be developed and used by humans [56], for example, in values-oriented design and ethics [57] for users.



Following the above reflections on the fourth helix concerning the relevance of users, the emerging scenarios place humans and machines in an alternative position, no longer ‘complementary’ as in previous maintenance proposals, to solve today’s complex problems. This can develop in two different directions. First, technology has been considered as a tool humans adopt to achieve objectives, where the human decision-maker fully assumes risks derived from any fallacy in the solution provided by the trusted AI for sustainable action in business. Second, the ability of AI to produce patterns of solutions places the decision-maker in a subordinate position, and the risk of the latter contravening the machine’s solution goes hand-in-hand with the risk of machine error [58], with huge effects on sustainability.



There is a need to better understand how the information flow works, what criticalities it presents, how it feeds the activation and management of known operations, how it integrates the various data sources and how it supports the management of queries, schedules, layers, overlaps, alerts, availabilities, delays, recoveries, retrieval/revival and privacy/security. Following on, a new way to integrate and underpin the PdM cycle process is proposed. As seen in the above conceptualization of helices, in the following picture, the users (directly from the fourth helix) can be usefully included and activated in all identified steps by contributing in several ways:




	
the design of sensors’ positioning in types of machinery and plants is crucial for data extraction so that it strategically follows the main aim of business owners’ plans;



	
the internal/external communication of insight reports both for simple checks and significant alerts is relevant to reach the right person at the right moment;



	
the instrument equipment implementation for storing and using the acquired data to share and make them available when needed should be thought through in a specific way so that it fits with the wants/needs of all users (decision-makers, operators, auditors, shareholders, etc.);



	
the hi-tech tools dealing with data elaboration support the re-reading of several phases in the correct demining of critical information for managers;



	
the action management of daily operations is strongly affected by decision-making and behavioral models, consequently originating from previous steps and can contribute to the next generation of PdM for future rounds.








In Figure 4, five main elements have been grouped. The cyclic approach is also confirmed because of the logical connection between the design made up to start any process, and the following steps of check control (through reporting), implementation of the equipment (for the respondent diffusion of strategic information), data elaboration (for the right filter and cluster) and operational management to return to the start.



Finally, new insights from studies on sustainability in terms of technology transfer, as introduced before, lead organizations to re-think a number of processes to improve operations and plans. Ultimately, in production platforms that adopt PdM strategies, action is taken only where and when strictly necessary, since it is possible not only to have a real-time diagnosis of the maintenance status of the machinery but also to generate alerts when the operating parameters’ optimal changes register significant variations or exceed the set threshold values.



This allows estimation of when components will reach the end of life, minimizing the risk of failure and sudden machinery crashing. More specifically, the availability of diagnostic and forecast data in real-time allows for:




	
prediction of the conditions of the fault, calculating the time between one fault and the next and defining the actions to be taken at the level of ordinary preventive maintenance;



	
evaluation of the performance of the machinery over time, aggregating large amounts of data from different sources, with the aim of stimulating the machine learning process and allowing the system to refine the algorithms in order to reduce deviations from the forecast;



	
estimation of the residual life of the machinery, to assess the need for replacement or maintenance, the costs of interventions and the phases of the processes, but above all, to avoid extraordinary events that could affect company efficiency (production stops).








Having introduced maintenance policies for sustainability and the costs of reliability, each implies different implementation costs but also different outcomes, linked to sustainable actions and balanced dynamics in business. It is possible to distinguish between direct costs (labor, materials, external companies) and indirect costs (no production, accidentality of non-production, influences on product quality, safety conditions for personnel and facilities, influences on the state of conservation of the plants, financial and spare parts warehouse management costs).





3. Methodology


3.1. Case Study Research


As the PdM is an unexplored theme, this study adopts an exploratory approach [10] and employs a case study methodology [59] to present the D.I.A.S.E.I. Project, selected for its uniqueness [9] and to investigate the effects of the introduction of the PdM in terms of sustainability.



Even though the analysis of a single case makes it difficult to generalize results, it allows an in-depth exploration by permitting the understanding of a contemporary phenomenon within its complex context by using a variety of lenses [10,60,61,62]. As Gummesson [63] (p. 8) sustains, through case analysis, it is possible to study ‘the numerous factors and their links and interactions in dynamic context’.



Case study methodology has been acknowledged as an approach to generating and testing theory that has provided the mainstream management field with ground-breaking insights [64]. Properly, case theory suggests the conceptualization of cases as the ground in the real world for theory generation, reporting, conclusions and practical applications [8]. By analyzing a case in-depth, it is then possible to move from the particular to general and to condense complexity in simpler thoughts and actions.



Although some authors, in a ‘post-positivist’ perspective, believe that researchers should not influence the phenomenon through their cognitive biases and suggest reducing to a minimum the interaction with research subjects [65] to keep a realist perspective while preserving objectivity [66], case theory puts emphasis on interactive research [9]. This approach, adopted in the present study, asks for close interaction between the researcher and the object of the study, data, respondents, etc. [67]. The direct involvement can allow the researcher to better understand the phenomenon and its complexity.



According to case theory, this study also applies a mixed-methods approach, using different data sources to investigate the unit of analysis [68] and encompassing descriptive narratives and quantitative techniques. Narratives are fundamental in the conceptualization of the case and in hypotheses development but are limited. Therefore, we implement them through the application of a bivariate analysis to verify the existence, the significance and the sign of a relationship between the introduction of the PdM and sustainable economic growth.




3.2. The Case Study of the D.I.A.S.E.I. R&D Project


The case selected to deepen the role of PdM in enhancing sustainability is the D.I.A.S.E.I project. It was selected because of its uniqueness [9], being the first project carried out by academia and industry, and supported by public funds, to develop an innovative technology based on the PdM. It proposes a new modular-hierarchical architecture of energy systems for industrial applications. In particular, it associates ‘automation panels’ to a ‘main energization panel’ in order to carry out efficient diagnostics on the various components making up the system and to implement the PdM. Potential users of the proposal are complex energy-intensive users, such as suppliers of electricity or railway transport services. By adopting their perspectives, the quantitative analysis verifies the capacity of PdM to improve financial performance (FP) and create sustainable economic growth.



The project intends to use an innovative technological solution for the management of failures in integrated energy systems for medium/large users and/or scattered over a wide geographical area, capable of automatic and optimized management of any failure situations in all the components of the system, as well as providing indications for corrective and preventive maintenance of a predictive type.



In particular, the project is based on the use of solutions that are equally efficient with respect to pure ‘physical redundancy,’ but which have characteristics of greater cost-effectiveness and architectural simplicity, together with the better overall performance from the point of view of reliability and quality of the service. These solutions, based on the principles of ‘analytical redundancy’ or ‘functional redundancy,’ make it possible to treat the events of failure or simple malfunction in drift, both of the user system and of the monitoring and management system of the same, as ‘atypical’ conditions of operation. This is with respect to which the systems adapt and seek a new condition of operational balance aimed at maximizing residual functionality while identifying the corrective/preventive maintenance actions to be implemented.



The context in which the research project operates is that of the creation of new power supply panels equipped with self-diagnosis capabilities and advanced treatment of incipient failures for the optimization of maintenance, lifetime and the minimization of downtime of the powered systems. These capabilities are guaranteed by the use of fault diagnosis and overcoming techniques aimed, on the one hand, at guaranteeing the prompt response of a problem (detection and isolation) and, on the other hand, at allowing, even if with limitations, the correct operation of the systems even in the presence of a fault (‘recovery’ procedures).



At present, typically, power panels do not provide for advanced fault diagnosis techniques or supervision systems capable of managing PdM on energy systems. The project proposes to equip the energization system (as a whole) with a set of devices capable of performing an efficient diagnosis on the various components making up the system to allow the implementation of PdM techniques.



For users, the introduction of PdM represents a sort of investment in fixed assets and, as such, it implies the employment of financial resources [69,70]. In this logic, it will be considered convenient if future cash flows will be higher than the initial cost [71]. More specifically, the introduction of PdM will imply a reduction, almost an elimination, of the extraordinary maintenance costs, fiscal advantages and greater effectiveness and efficiency of maintenance activities. These aspects have repercussions on profitability ratios and value indexes. Therefore, to capture the effects of PdM on FP and sustainable economic growth, we consider some profitability ratios and value indexes [72,73]. As profitability ratios, we use the return on sales (ROS), the return on investment (ROI) and the return on equity (ROE).



ROS expresses the ability of a company to be efficient. Efficiency is related to a company’s ability to reduce costs and transform a greater part of revenues into operating income. As the introduction of predictive maintenance translates in minus costs, we may hypothesize that:



Hypothesis 1.

The introduction of predictive maintenance improves companies’ efficiency.





ROI highlights a company’s ability to use resources in the best way possible and remunerate the invested capital. The introduction of predictive maintenance implies both a higher denominator and numerator of this ratio, but because the denominator reduces over time because of the amortization process, predictive maintenance, thanks to a cost reduction, improves the operating income and, in turn, the ROI. Therefore, we hypothesize that:



Hypothesis 2.

The introduction of predictive maintenance improves returns on invested capitals.





ROE may be interpreted as a synthetic parameter expressing the global profitability of a company. As it is measured as the ratio between net income and net capital, PdM will generate an improvement of this ratio because it increases the net income thanks to the cost reduction and the fiscal advantages. By considering the same level of net capital, we may hypothesize that:



Hypothesis 3.

The introduction of predictive maintenance improves global profitability.





Furthermore, we are interested in understanding the effects that the PdM may have on sustainable economic growth over time. The profitability ratios are the basis of estimating value indexes, such as economic value added (EVA) and market value added (MVA). However, these require a further step that is a matching between a company’s operating structure and its financial structure. By also considering companies’ decisions about capital structure and their cost of capital, we may estimate the greater value that a company may create by introducing the PdM. A greater value will depend on a cost reduction, on the one hand, and on the right choice in selecting capitals to support the investment, on the other hand. By supposing that a company with a vision towards the future wants to maintain the same weighted average cost of capitals or reduce it, we may hypothesize that an improved operating structure could contribute to creating greater value over time and thus formulate:



Hypothesis 4.

The introduction of predictive maintenance allows companies to create sustainable value.






3.3. Research Model Design


In line with the chosen research methodology, beyond a descriptive narrative to introduce the D.I.A.S.E.I. Project and formulate the research hypotheses, this study presents a quantitative analysis to verify the existence, the significance and the sign of the relationship between the introduction of the PdM and sustainable economic growth. On the AIDA Bureau Van Dijk database, we collected data on income statements and balance sheets of companies potentially interested in acquiring the technology developed within the D.I.A.S.E.I. Project.



Through the application of a sensitivity analysis, we estimated the income statements and balance sheets for the next five years by basing our forecast on historical data. The estimations were carried out by considering the hypothesis of no acquisition of the new technology and the hypothesis of acquisition in an optimal, normal and worse situation. On the basis of the estimated balance sheets and income statements, we computed the main ratios to assess companies’ FP. On those data, we applied a bivariate analysis to test the existence, the significance and the sign of a relationship between the introduction of the PdM and financial performance and between the introduction of the PdM and firms’ ability to act in a sustainable way and create sustainable economic growth over time.



Figure 5 summarizes the research model design, whose phases are described in detail in the subsequent paragraphs.




3.4. Sample Selection and Data Collection


To test our hypotheses, we collected data from the AIDA Bureau van Dijk database about companies that may be potentially interested in acquiring the technology developed within the D.I.A.S.E.I. Project and, thus, in introducing PdM in their organization. The AIDA Bureau van Dijk database reports financial data and company details for about 900,000 Italian firms. Specifically, for our analysis, we considered as a selection criterion the classification of economic activities (ATECO) code of the companies and selected those belonging to the energy and railway industries. Furthermore, we excluded small and medium-sized organizations. Lastly, we verified that companies had the physical structures for introducing new technology and that they were not just service providers. In doing so, we sampled 17 potential users of the D.I.A.S.E.I. technological proposal.



For each company in our sample, we collected the income statements and balance sheets for the years 2016–2020.




3.5. Sensitivity Analysis and Description of Variables


In order to have data useful to investigate the effects of the introduction of the technology developed within the D.I.A.S.E.I. Project on companies’ sustainable economic growth, we estimated the income statements and balance sheets for the next five years (2021–2025) through the application of a sensitivity analysis by basing our forecast on historical data (income statements and balance sheets for the years 2016–2020). We recognize this practice can be risky when considering the introduction of new technology. To mitigate such risk, we have operated along two different lines. First, we interviewed some employees (also in senior positions) operating in the industries considered in our sample. In this way, we obtained practical and experienced support to understand the areas of the companies interested by the introduction of the new technology; second, we carried out a sensitivity analysis, which is a technique used when there is uncertainty in the output of a model because it can be apportioned to different sources of uncertainty in the model input [74]. Specifically, we estimated companies’ future income statements and balance sheets by considering the hypothesis of no acquisition of the new technology and the hypothesis of acquisition in three different scenarios (optimal, normal, worse) [75]. This practice allows us to control for under- and over-estimations.



On the basis of the estimated balance sheets and income statements, in the hypotheses of introduction and no introduction of PdM, we computed the main ratios to assess companies’ financial performance for each hypothesized scenario. Specifically, we calculated ROS, ROI and ROE as profitability ratios. ROS is calculated as Earnings Before Interest, Taxes, Depreciation and Amortization (EBITDA)/Sales ratio. We use EBITDA because it is less subject to manipulation than the Earnings Before Interest and Taxes (EBIT) figure [76]. It expresses the operating efficiency of companies, that is, their ability to transform revenues into operating income. ROI is calculated as the income before extraordinary items and discontinued operations divided by the invested capitals (net assets minus investments in extra operating activities) [77]. In the formula, this is expressed as EBIT/invested capital. It measures companies’ capacity to turn investments into income. Lastly, we calculated ROE as the ratio between net income and the capital invested by shareholders. In the formula, this is expressed as net income/net capital. It is an index expressing a company’s global profitability and its ability to remunerate those who bring risk capital to the company [78]. Beyond profitability ratios, to better catch the potential of the technology developed within the D.I.A.S.E.I. Project on companies’ sustainable economic growth, we also computed two sustainable value indexes: EVA and MVA. EVA measures a company’s financial performance based on the residual wealth or the real profits generated by a company. It is calculated by subtracting the product of the company’s initial capital and the percentage cost of capital from its after-tax net profit [79] and expresses how profitable an organization can become within a given period of time. In the formula, this is expressed as NOPAT–WACC * invested capitals, where NOPAT is the Net Operating Profit After Taxes, and WACC is the Weighted Average Cost of Capital. In order to capture the wealth that will be created over time, we also computed the MVA by summing the discounted EVA calculated for the future five years [80]. In formula, MVA =     ∑   t = 1  5    E V  A t        1 + W A C C    t     .



By calculating all these ratios and indexes for the 17 companies in our sample, we obtained a total of 1496 observations.




3.6. Bivariate Analysis and Hypotheses Verification


To the above data, we applied a bivariate analysis [81] to test the existence, the significance and the sign of a relationship between the introduction of the PdM and FP and between the introduction of the PdM and firms’ ability to act in a sustainable way and create sustainable economic growth over time.



We carried out five t-tests (mean difference tests) because we had a qualitative variable (PdM), measured as a dummy with two modalities, 1 when the company introduces the PdM and 0 when the company does not, and quantitative continuous variables (ratios and indexes). The application of this technique allows us to verify if the means of the quantitative variables computed in the two groups determined by the qualitative variable are significantly different from each other, proving the existence of the relationship, or are similar, proving the absence of the relationship between PdM, performance and wealth.



Through the application of a bivariate analysis, we tested our five hypotheses of association and verified that all are supported by results.



The results shown in Table 1 highlight that the three profitability ratios and the two sustainable value indices are higher in the hypothesis of adoption of PdM. First, we verified the assumption of homoscedasticity through the application of Levene’s test (H0: the variance between the two groups is homogeneous) [82]. Its p-value was lower than 0, with a p-value of 0.05 for the relationships PdM–ROS, PdM–ROI and PdM–EVA. It resulted in p-values higher than 0.05 for the relationships PdM–ROE and PdM–MVA. Accordingly, in the first three cases, we could interpret that the assumption of homogeneity cannot be considered as verified, and, thus, we looked at the robust t-tests. Their p-values were lower than 0.05; hence, we could reject the null hypothesis and suggest that the means of ROS (+2.43%), ROI (0.11%) and EVA (0.15) are higher in the hypothesis of adoption of PdM. In the other two cases, we may accept the homogeneity hypothesis and look at the classic t-test. The p-values were lower than 0.05; hence, we can suggest that the means of ROE and MVA are also higher in the hypothesis of adoption of PdM (Table A1, Table A2, Table A3, Table A4 and Table A5, in Appendix A, present more detail).



Figure 6 sums up the results suggesting that, through the introduction of PdM, companies are able to act in a sustainable manner and may tend towards sustainable economic growth by reaching better profitability ratios and sustainable value indexes. The Figure can be interpreted as an ideal path.





4. Discussion


The concept of sustainability is multidimensional and has multiple meanings [83]. The classic distinction operates on the triad of social, environmental and economic sustainability [84]. While several studies have deepened the social [85,86,87] and environmental [88,89] dimensions, it is almost a paradox that only a few studies (among others, [90,91]) have focused on the economic dimension of sustainability that is the basis for other two.



The present study addresses this aspect, with the aim to provide an adjunctive, although minimal, advancement to the research on the sustainability issue. The paper, by drawing on the Quadruple Helix model [30], adopts the users’ (fourth helix) perspective to confirm, empirically and quantitatively, what can be estimated about the logical relationship between PdM and sustainable economic growth, through actual results derived from a direct experimental experience.



The D.I.A.S.E.I. Project, thanks to its innovativeness, multidisciplinary approach and direct involvement of researchers, has offered the opportunity to interpret the Quadruple Helix model in a real case and to field-test the role that PdM may exert on companies’ financial performance and value creation.



The D.I.A.S.E.I. Project may be considered as a virtuous example of interrelation between a university (UniSA), government (Campania Region) and industry (Cosmo Service Ltd. and C.O.M.E.A. Consortium). The three actors have been able to develop very insightful technological innovation while thinking about the benefits for users (fourth helix), who here are service providers. It has provided new suggestions regarding socio-economic and managerial expectations (maintenance of sustainable standards, organizational rationalization and containment of public spending), primarily in cases of errors or malfunctioning (liability), sensitive personal data protection (privacy) and safe storage of users’ data (cyber security).



Findings support the initial intuition and the research hypotheses. The quantitative analysis highlighted that an investment in PdM increases the fixed assets of a company if it reduces extraordinary maintenance costs that make the operating income higher and allows the company to benefit from fiscal advantages improving, in turn, the net income. Such variations in balance sheets and income statements imply an increment in the profitability ratios in terms of higher returns on invested capitals and in terms of shareholders’ remuneration.



This is especially possible thanks to more efficient management of operating costs that allows translation of a greater part of revenues in income. Empirical results support the significant difference between the mean values of profitability ratios for companies that decide to invest in PdM and companies that avoid the investment.



Figure 7 shows how PdM impacts the economic sustainability of those companies that equip themselves with appropriate tools and/or invest in targeted industrial R&D activities. The introduction of innovative devices capable of favoring the analysis, diagnosis and the proposal of maintenance interventions in a predictive manner improves the quality of the provided service (such as the supply of electricity), with respect to the management and anticipation of future possible failures (physiological/structural or contingent/occasional), in an iterative way.



From an economic perspective, this may translate to higher revenues that, together with cost reduction, contribute to determine higher income. To put it another way, investing in PdM may help companies in generating large amounts of free cash flows that can be used, in a virtuous circle, to invest and innovate again. If the company is also able to support the investment through correct financial decisions by keeping the cost of capital low, improved profitability ratios transform into the creation of greater value over time [92]. This aspect, corroborated by the empirical results, underlines the capacity of PdM to favor a sustainable business balance, providing, in turn, a positive answer to the second research question of this work.



Furthermore, the major economic and financial resources generated could be employed to support the other two dimensions in addition to sustainability, the social and the environmental. Companies with a greater amount of cash flow available could decide to use this just to remunerate shareholders or, from a stakeholder perspective [93], could invest in activities to improve the environmental and social conditions of a large community. From a wider perspective, PdM could therefore generate value not just for the users but for civic society, if companies decide to behave as actors of social change and social finance [94] by pursuing not just economic sustainability but corporate sustainability, defined as ‘the inclusion of social and environmental concerns in business operations and in interactions with stakeholders’ [95]. The discussion of the findings obtained through the analyses carried out on the D.I.A.S.E.I. Project provides a positive answer to the main research question of this work by highlighting that public–private research may favor the co-creation of sustainable value.




5. Conclusions


This work aimed to verify whether and how PdM could impact the economic sustainability of those companies that equip themselves with appropriate predictive maintenance tools and instruments. The research outcomes of D.I.A.S.E.I. Project revealed evidence supporting this by properly linking financial ratios from business analytics to sustainable performance.



The findings make an intriguing contribution to understanding how decision-making can be useful in pursuing successful new end goals in a sustainable manner by taking into account the four helices; in particular, the fourth helix of users that, with supportive technology (implemented in a predictive sense), can bring more concrete advantages from innovative processes over time.



PdM contributes to facing uncertainty and sustains business development against frictions, disturbances, misunderstandings and misalignments that can occur in a business life cycle. The virtuous self-feeding cycle, inspired by the fourth helix in recent sustainability studies, can foster all the processes as a whole.



Although the quantitative analysis supports the hypotheses and confirms what can be logically estimated about the relationship between PdM and sustainable economic growth, it is important to highlight that the analyses are carried out on estimations that are obtained through the application of a sensitivity analysis. This limitation makes the findings not widely generalizable and invites future scholars to test the same effects on final data from balance sheets and income statements, available after PdM has been introduced in some companies.



Future research in terms of business and finance management is recommended to explore the drivers of sustainable innovation and benchmark best practices for sustainable behavior in business.







Author Contributions


Conceptualization, all authors; introduction, F.P. and C.G.; theoretical framework, L.C.; methodology, R.S.; discussion, L.C. and R.S.; conclusion, F.P. and C.G.; writing—original draft preparation, L.C. and R.S.; writing—review and editing, F.P. and C.G.; visualization, L.C. and R.S.; supervision, F.P. and C.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A


The appendix shows in detail the results of bivariate analysis.
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Table A1. T-test predictive maintenance for ROS.
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Levene’s Test for Equality of Variances

	
T-test for Equality of Means




	

	

	
F

	
sig.

	
t

	
df

	
Sig. (2-tailed)

	
Mead Difference

	
Std Error Difference






	
ROS

	
Equal variances assumed

	
2.278

	
0.031

	
2.37

	
118

	
0.121

	
2.43

	
0.78




	

	
Equal variances not assumed

	

	

	
2.56

	
112

	
0.011

	
2.43

	
0.53
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Table A2. T-test predictive maintenance for ROI.
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Levene’s Test for Equality of Variances

	
T-test for Equality of Means




	

	

	
F

	
sig.

	
t

	
df

	
Sig. (2-tailed)

	
Mead Difference

	
Std Error Difference






	
ROI

	
Equal variances assumed

	
2.222

	
0.009

	
1.07

	
105

	
0.056

	
0.11

	
0.003




	

	
Equal variances not assumed

	

	

	
1.09

	
137

	
0.008

	
0.11

	
0.008
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Table A3. T-test predictive maintenance for EVA.
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Levene’s Test for Equality of Variances

	
T-test for Equality of Means




	

	

	
F

	
sig.

	
t

	
df

	
Sig. (2-tailed)

	
Mead Difference

	
Std Error Difference






	
EVA

	
Equal variances assumed

	
2.713

	
.027

	
2.43

	
1762

	
0.048

	
0.15

	
0.004




	

	
Equal variances not assumed

	

	

	
2.54

	
1241

	
0.012

	
0.15

	
0.006
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Table A4. T-test predictive maintenance for ROE.
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Levene’s Test for Equality of Variances

	
T-test for Equality of Means




	

	

	
F

	
sig.

	
t

	
df

	
Sig. (2-tailed)

	
Mead Difference

	
Std Error Difference






	
ROE

	
Equal variances assumed

	
2.222

	
0.139

	
2.59

	
118

	
0.011

	
0.08

	
0.003




	

	
Equal variances not assumed

	

	

	
2.889

	
3551

	
0.007

	
0.08

	
0.002
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Table A5. T-test predictive maintenance for MVA.
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Levene’s Test for Equality of Variances

	
T-test for Equality of Means




	

	

	
F

	
sig.

	
t

	
df

	
Sig. (2-tailed)

	
Mead Difference

	
Std Error Difference






	
ROS

	
Equal variances assumed

	
2.165

	
0.142

	
2.46

	
115

	
0.014

	
0.12

	
0.009




	

	
Equal variances not assumed

	

	

	
2.776

	
1473

	
0.012

	
0.12

	
0.010
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Figure 1. The emerging new helices in sustainability studies. 
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Figure 2. The qualitative monitored time parameter diagram. 
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Figure 3. The iterative self-feeding cycle process of PdM. 
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Figure 4. The integrated PdM cycle process through the fourth helix. 
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Figure 5. The research model design. 
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Figure 6. A synthesis of the results. 
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Figure 7. Conclusive interlinked connection between PdM and sustainability. 
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Table 1. Hypotheses testing results.
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	Hypothesis
	t-Test
	Mean Difference
	p-Value





	H1 (+)
	The introduction of predictive maintenance improves companies’ efficiency
	2.56
	2.43
	0.011



	H2 (+)
	The introduction of predictive maintenance improves the returns on invested capitals
	1.09
	0.11
	0.008



	H3 (+)
	The introduction of predictive maintenance improves the global profitability
	2.54
	0.15
	0.012



	H4 (+)
	The introduction of predictive maintenance allows companies to create sustainable value
	2.59 2.56
	0.08

0.012
	0.011

0.014
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