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1. [bookmark: _Toc212336500]Executive Summary 
Predictive Maintenance (PdM) represents one of key enablers of industrial efficiency, sustainability, and resilience within the transition toward Industry 4.0 and the European Green Deal objectives. However, despite its transformative potential, the implementation of PdM remains limited due to high technological and financial barriers, fragmented data systems, and a lack of qualified personnel. 
Deep technologies—such as Artificial Intelligence (AI), the Industrial Internet of Things (IIoT), smart sensors, Digital Twins, Robotics, and Extended Reality (XR)—offer a pathway to overcoming these barriers. Their integration into PdM systems enables advanced data analytics, real-time monitoring, immersive training, and sustainable lifecycle management of industrial assets. When effectively embedded, deep tech solutions not only reduce operational downtime and maintenance costs but also contribute to measurable environmental and social benefits, including reduced resource consumption, improved workplace safety, and new opportunities for upskilling and employment in digital industries.
To achieve large-scale deployment, a coordinated policy approach is required. This document outlines key recommendations for embedding deep tech applications in PdM with the aim of maximizing their environmental and social impact. These include:
· integrating PdM and deep tech objectives into national and EU industrial strategies;
· establishing standards and interoperability frameworks for data-driven maintenance systems;
· fostering financial and educational incentives for small and medium-sized enterprises (SMEs);
· strengthening partnerships between academia, research institutions, and industry; 
· developing clear sustainability metrics for assessing PdM’s contribution to circular and green transitions.
The implementation of these recommendations would accelerate industrial digitalization while ensuring that technological innovation contributes directly to environmental preservation and social well-being.
2. [bookmark: _Toc212336501]Introduction 
The ongoing transformation of industrial systems is increasingly shaped by the convergence of digital and sustainable technologies. Predictive Maintenance (PdM), as one of the core pillars of digital manufacturing, plays a pivotal role in enabling smarter, safer, and more efficient production processes. By anticipating equipment failures before they occur, PdM minimizes unplanned downtime, extends machine lifespans, and reduces material and energy waste—thereby aligning with both economic and environmental objectives.
Despite the proven potential of PdM, its widespread adoption remains constrained by technical, organizational, and financial challenges. Many companies, especially SMEs, struggle to access or implement advanced predictive systems due to high costs, lack of interoperability between platforms, and insufficient digital skills within the workforce. Moreover, the absence of standardized frameworks for data management and sustainability assessment limits the measurable impact of PdM on the green and digital transitions.
Deep technology—or deep tech—encompasses a class of advanced innovations based on scientific and engineering breakthroughs, including Artificial Intelligence (AI), the Industrial Internet of Things (IIoT), smart sensors, robotics, Digital Twins, Extended Reality (XR), and edge computing. These technologies hold significant potential to enhance PdM through advanced data analytics, immersive trainings, real-time decision-making, and automation of complex maintenance tasks. Their integration fosters not only higher operational efficiency but also broader social and environmental benefits, contributing to carbon footprint reduction, workforce development, and safer workplaces.
Embedding deep tech applications into PdM frameworks thus represents both a technological and policy priority for sustainable industrial growth. To fully harness this potential, policies must address current gaps in regulation, funding, and education, while promoting collaboration among stakeholders across sectors. The following sections provide an overview of the current challenges in PdM implementation, highlight the role of deep tech in addressing them, and propose targeted policy recommendations to ensure that technological innovation translates into tangible environmental and social impact.
3. [bookmark: _Toc212336502]Current State and Challenges in Predictive Maintenance 
Predictive Maintenance (PdM) is increasingly recognized as a cornerstone of modern industrial operations, offering a data-driven approach to maintenance that enhances productivity, safety, and sustainability. Despite this, the current state of PdM deployment across European industries remains uneven and fragmented. While large manufacturing enterprises are progressively integrating PdM into their digital transformation strategies, small and medium-sized enterprises (SMEs) face considerable barriers to adoption.
Technological fragmentation is one of the main challenges. Industrial assets often rely on heterogeneous equipment and legacy systems that lack interoperability, making it difficult to collect, integrate, and analyze data effectively. The absence of standardized communication protocols and data models further complicates the deployment of scalable PdM solutions.
Financial constraints also hinder widespread implementation. Many SMEs lack the resources to invest in high-end sensors, cloud infrastructure, or advanced AI analytics platforms. The return on investment, although potentially significant, is often perceived as uncertain or too long-term, limiting the motivation for early adoption.
Human capital and skills gaps represent another critical obstacle. PdM requires multidisciplinary expertise spanning mechanical engineering, data science, and information technology. The shortage of personnel capable of managing and interpreting predictive data limits the potential of PdM even when technologies are available.
From an environmental perspective, the impact of PdM remains underexplored and insufficiently measured. While PdM inherently contributes to resource efficiency and waste reduction, the lack of standardized sustainability indicators prevents the quantification of its ecological benefits. Similarly, the social impact dimension—such as improved occupational safety, workforce development, and job transformation—remains largely absent from existing industrial strategies.
Finally, policy and regulatory gaps persist. Current industrial digitalization policies focus primarily on productivity and competitiveness, often neglecting the environmental and social dimensions of PdM. There is an urgent need for policy frameworks that align predictive maintenance with broader sustainability and inclusion goals, ensuring that deep tech adoption delivers tangible societal value.

4. [bookmark: _Toc212336503]Deep Tech Applications in PdM 
The integration of deep technologies into Predictive Maintenance frameworks is transforming the way industries monitor, diagnose, and manage their assets. Deep tech offers the tools to bridge data silos, enhance predictive accuracy, and embed sustainability principles directly into industrial operations. The following subsections outline the main technological pillars of this transformation.

4.1 Artificial Intelligence and Machine Learning
AI and ML algorithms enable the identification of patterns and anomalies in complex data sets collected from industrial equipment. Through supervised and unsupervised learning, these algorithms can predict failures before they occur, optimize maintenance schedules, and reduce unnecessary interventions. The continuous improvement of AI models through machine learning enhances system reliability and extends equipment lifespan. Importantly, AI also allows sustainability-oriented analysis, linking maintenance activities with energy consumption and emission data.
4.2 Industrial Internet of Things (IIoT) and Edge Computing
The Industrial Internet of Things (IIoT) establishes a networked ecosystem in which industrial machines, sensors, and control units continuously exchange operational data. This connectivity enables real-time monitoring of equipment performance, environmental conditions, and process parameters, forming the backbone of modern Predictive Maintenance systems.
Edge computing complements IIoT by allowing data processing to occur locally—close to the source of generation—rather than relying solely on cloud infrastructure. This decentralized approach reduces latency, improves data security, and minimizes bandwidth usage. In combination, IIoT and edge architectures ensure timely and reliable predictive insights, even in environments with limited connectivity or strict data protection requirements.
For small and medium-sized enterprises (SMEs), IIoT offers scalable, cost-effective access to data-driven maintenance solutions. It supports the integration of smart sensors, AI analytics, and digital twins into unified platforms, enabling efficient decision-making and more sustainable asset management across the production lifecycle.
4.3 Smart Sensors
Smart sensors represent a fundamental enabler of PdM and a distinct component of the deep tech ecosystem. Unlike conventional sensors that merely capture and transmit signals, smart sensors integrate data processing, communication, and self-diagnostic capabilities. Embedded microcontrollers and AI algorithms allow them to analyze data locally and detect early signs of equipment degradation.
These sensors collect key parameters such as vibration, temperature, sound, and strain—providing a comprehensive picture of machine health. When integrated into IIoT networks or digital twin environments, they enable continuous and autonomous monitoring, significantly enhancing predictive accuracy.
From an environmental perspective, smart sensors reduce waste and energy consumption by ensuring that maintenance actions are taken only when necessary. Their low-power design and increasing use of recyclable materials also contribute to circular economy principles. Furthermore, they facilitate social impact by enabling safer working environments and supporting upskilling initiatives, as operators learn to interpret sensor data and collaborate with digital systems.

4.4 Digital Twins
Digital Twins are virtual replicas of physical assets that continuously receive real-time data from their physical counterparts. By simulating operational conditions, digital twins allow engineers to forecast failures, assess different maintenance scenarios, and optimize system performance. They also play an important role in sustainability assessment, as simulations can estimate the environmental footprint of maintenance strategies. When coupled with AI and IIoT data, digital twins become a powerful tool for both predictive analysis and life-cycle optimization.
4.5 Extended Reality (XR) Technologies
Extended Reality (XR)—including Augmented Reality (AR), Virtual Reality (VR), and Mixed Reality (MR)—is increasingly used to support PdM activities. These technologies enable immersive visualization of machine data and provide intuitive, hands-free guidance for technicians during maintenance tasks. In training contexts, XR allows operators to practice maintenance procedures in virtual environments, enhancing safety and skill acquisition. Moreover, XR contributes to social sustainability by democratizing access to advanced industrial training, bridging generational and gender gaps in technical education.
4.6 Advanced Robotics and Automation
Robotic systems equipped with AI and vision-based sensors can autonomously perform inspection, maintenance, and repair tasks, particularly in hazardous or inaccessible environments. These robotic applications not only increase operational efficiency but also significantly improve worker safety. When combined with predictive analytics, robots can act preemptively, executing maintenance actions based on data-driven insights.
The convergence of robotics with other deep tech elements—AI, IoT, and smart sensors—creates the foundation for fully autonomous maintenance ecosystems capable of optimizing performance with minimal human intervention.
5. [bookmark: _Toc212336504]Environmental and Social Impact 
The integration of deep tech applications into Predictive Maintenance (PdM) frameworks contributes not only to industrial efficiency but also to measurable environmental and social benefits. By optimizing resource usage, extending equipment lifespans, and enabling safer and more inclusive workplaces, PdM supported by deep technologies aligns directly with the objectives of the European Green Deal, the Circular Economy Action Plan, and the Sustainable Development Goals (SDGs).

5.1 Environmental Impact
Predictive Maintenance significantly reduces the environmental footprint of industrial operations by promoting resource efficiency and energy optimization. Through continuous condition monitoring and early fault detection, maintenance activities are carried out only when necessary—preventing unnecessary replacements, minimizing material waste, and reducing energy consumption associated with production downtime.
The adoption of smart sensors and IIoT-enabled data analytics allows precise tracking of energy performance and environmental indicators, supporting the development of data-driven sustainability strategies. For instance, predictive insights can identify energy-intensive equipment or inefficiencies in production processes, enabling targeted improvements that directly contribute to carbon footprint reduction.
Digital Twins further enhance environmental management by simulating various maintenance scenarios and their ecological outcomes, thus enabling the selection of the most sustainable interventions. This approach supports the shift toward life-cycle thinking, ensuring that maintenance decisions account for both operational performance and environmental sustainability over time.
Additionally, deep tech integration encourages the use of eco-efficient maintenance materials, facilitates remote diagnostics that reduce travel-related emissions, and supports energy-aware scheduling through AI-based optimization. As a result, PdM becomes a crucial enabler of industrial decarbonization and a driver of circular economy principles.
5.2 Social Impact
Beyond environmental benefits, embedding deep tech applications in PdM generates considerable social value. One of the most direct outcomes is the enhancement of occupational safety and health. Predictive systems reduce exposure to hazardous maintenance conditions by allowing failures to be addressed proactively, often through remote monitoring or potentially robotic intervention.
Deep tech adoption also fosters digital skill development across the industrial workforce. As maintenance roles evolve from manual operations to data interpretation and decision-making, new opportunities emerge for professional growth and reskilling. Initiatives integrating Extended Reality (XR) technologies for maintenance training—such as Augmented Reality-assisted repair guidance or VR-based safety simulations—enhance learning efficiency and inclusivity. These immersive tools are particularly valuable for bridging generational gaps in the workforce and encouraging broader participation in technical professions, including greater gender diversity.
Moreover, the use of data-driven PdM systems contributes to organizational transparency and accountability, as real-time data on maintenance activities and sustainability metrics can be shared among stakeholders. This promotes a culture of responsibility, trust, and informed decision-making within industrial ecosystems.
From a societal perspective, widespread adoption of sustainable PdM solutions strengthens regional innovation ecosystems, particularly when supported by public–private partnerships and European research initiatives. Such collaboration leads to the creation of green and digital jobs, helping communities transition toward more resilient, technology-oriented, and sustainable economies.
6. [bookmark: _Toc212336505]Barriers and Policy Gaps 
Despite the increasing recognition of Predictive Maintenance (PdM) as a critical enabler of industrial sustainability and competitiveness, several barriers continue to hinder its large-scale implementation across European industries. These barriers span technological, financial, educational, and regulatory domains and highlight the need for a more coherent policy framework that links industrial innovation with environmental and social objectives.
6.1 Technological Barriers
The adoption of PdM and deep tech applications is constrained by fragmented technological infrastructures and a lack of interoperability among industrial systems. Many existing production environments still rely on legacy equipment that was not designed for data-driven monitoring or digital connectivity. Integrating these systems with modern solutions such as Industrial Internet of Things (IIoT), Digital Twins, or AI-based analytics requires substantial technical adaptation and investment.
Another technological barrier lies in the limited standardization of data formats and communication protocols. The absence of unified standards prevents seamless data exchange between different platforms and vendors, reducing scalability and hindering the development of cross-sector maintenance ecosystems. Furthermore, data privacy and cybersecurity concerns pose additional challenges, especially when industrial data are shared across organizational or national boundaries.
6.2 Financial Barriers
The implementation of PdM technologies—particularly those involving deep tech components such as AI, robotics, or XR—often entails high initial investment costs in sensors, data infrastructure, and software development. For small and medium-sized enterprises (SMEs), which form the backbone of the European industrial landscape, these costs can be prohibitive.
Even though PdM can lead to long-term cost savings through reduced downtime and energy consumption, the lack of clear short-term financial incentives discourages early adoption. Additionally, existing funding mechanisms and innovation grants are frequently focused on high-technology sectors, while traditional manufacturing SMEs face difficulties in accessing targeted financial support for digital transformation and sustainability-driven initiatives.
6.3 Human Capital and Skills Gaps
The transition toward deep tech-enabled PdM requires a multidisciplinary workforce capable of integrating mechanical engineering knowledge with data analytics, software development, and systems integration. However, there is a significant shortage of personnel equipped with these hybrid competencies.
Educational systems and vocational training programs often lag behind technological advancements, offering limited opportunities for reskilling or upskilling in digital maintenance technologies. This gap is particularly visible among experienced maintenance workers, who may lack exposure to advanced digital tools, and among young professionals, who may lack practical industrial experience. Without proactive educational policies and training programs, the pace of deep tech adoption in PdM will remain slow.
6.4 Regulatory and Policy Barriers
While several European initiatives—such as the Digital Europe Programme and Industry 5.0 framework—encourage the digital transformation of manufacturing, there remains no unified regulatory framework specifically addressing PdM implementation and its sustainability dimension. Policies tend to focus on innovation and competitiveness but rarely integrate environmental, social, and ethical considerations into industrial maintenance strategies.
Moreover, the lack of standard sustainability metrics for assessing the environmental and social impact of PdM limits the ability of policymakers and companies to quantify progress. Without such metrics, it is difficult to include PdM within official sustainability reporting or to link it to green financing mechanisms.
Finally, existing data governance frameworks often fail to reflect the specific needs of industrial maintenance. Regulations related to data ownership, privacy, and cross-border data flow are not sufficiently adapted to the realities of IIoT-based predictive systems, creating uncertainty and reluctance among industrial stakeholders to share data openly.
6.5 Institutional and Collaboration Gaps
Effective PdM implementation requires cross-sector collaboration among research institutions, technology providers, industrial enterprises, and policymakers. However, current cooperation frameworks are often fragmented or project-based, lacking long-term institutional mechanisms for knowledge transfer and capacity building.
The absence of regional innovation ecosystems dedicated to PdM and deep tech integration slows down technological diffusion, particularly in less industrially developed regions. Strengthening public–private partnerships and promoting transnational networks under programs such as Horizon Europe or EIT Manufacturing could play a decisive role in bridging these gaps.
7. [bookmark: _Toc212336506]Policy Recommendations
To unlock the full potential of deep tech applications in Predictive Maintenance (PdM) and to ensure their alignment with environmental and social objectives, a comprehensive policy approach is required. Summing up all that was discussed through the comparative analysis and experience of the PreVEnT project, this policy brief proposes several points to be considered as policy recommendations for Embedding deep tech applications for solving Predictive Maintenance (PM) challenges with environmental and social impact. The following recommendations are structured across five complementary levels—strategic, regulatory, financial, educational, and collaborative—reflecting the need for coordinated action among policymakers, industry stakeholders, academia, and society.
7.1 Strategic Level Recommendations
Integrate PdM into National and European Industrial Strategies
PdM should be explicitly recognized as a strategic component of industrial digitalization and sustainability agendas within the EU and national frameworks. Embedding PdM targets in policy documents such as Industry 5.0 Roadmaps, Digital Europe, and Green Deal Industrial Plan would ensure its visibility and long-term policy support.
Link Predictive Maintenance with Circular Economy Policies
Policies promoting circularity should incorporate PdM as a mechanism for extending product lifecycles, optimizing resource efficiency, and minimizing industrial waste. This integration would facilitate cross-sectoral synergies between digital transformation and environmental sustainability.
Promote Data-Driven Sustainability Management
Encourage industries to adopt data-driven maintenance systems capable of measuring energy efficiency, emissions, and resource use in real time. Such systems should be incorporated into broader sustainability monitoring frameworks at both corporate and policy levels.
7.2 Regulatory and Standardization Recommendations
Develop Interoperability Standards for PdM Systems
Establish unified standards for data communication, interoperability, and integration among IIoT, AI, and digital twin platforms. These standards should be developed in collaboration with European standardization bodies (CEN/CENELEC, ETSI) to ensure cross-border compatibility and scalability.
Implement Guidelines for Data Governance and Cybersecurity
Introduce sector-specific regulatory frameworks defining data ownership, sharing protocols, and cybersecurity measures for PdM systems. This would enhance trust in industrial data ecosystems and facilitate secure collaboration between stakeholders.
Introduce Sustainability Metrics for Predictive Maintenance
Create standardized methodologies for assessing the environmental and social impact of PdM technologies. These metrics should be integrated into existing sustainability reporting schemes (e.g., CSRD, EU Taxonomy) to quantify PdM’s contribution to decarbonization and social well-being.

7.3 Financial and Incentive-Based Recommendations
Establish Targeted Funding Schemes for SMEs
Launch dedicated financial instruments to support small and medium-sized enterprises in adopting deep tech-enabled PdM systems. This may include grants, tax incentives, or low-interest loans for technology acquisition, pilot testing, and system integration.
Encourage Green and Digital Investment Synergies
Align industrial investment programs with environmental sustainability goals by rewarding companies that demonstrate both technological innovation and measurable ecological benefits through PdM implementation.
Support Public Procurement of Innovative Maintenance Solutions
Introduce public procurement schemes that prioritize products and services incorporating predictive and sustainable maintenance capabilities, stimulating innovation through market demand.
7.4 Educational and Capacity-Building Recommendations
Integrate Deep Tech and PdM into Vocational and Higher Education Curricula
Encourage educational institutions and VET (Vocational Education and Training) providers to introduce interdisciplinary programs combining mechanical engineering, data science, and sustainability. This will build a workforce capable of managing and developing PdM technologies.
Promote Lifelong Learning and Reskilling Initiatives
Develop reskilling programs for existing industrial workers to help them adapt to digital maintenance environments. Such programs should include practical training in AI-based diagnostics, IIoT systems, and XR-assisted maintenance.
Foster Gender Equality and Inclusion in Deep Tech Fields
Introduce targeted scholarships and mentoring programs to increase the participation of women and underrepresented groups in technical education and PdM-related professions, contributing to the social dimension of sustainable innovation.
7.5 Partnership and Ecosystem Recommendations
Strengthen Public–Private Partnerships (PPPs)
Encourage collaboration between industry, academia, and research institutions through PPPs focused on PdM innovation, demonstration projects, and technology transfer. These partnerships should align with EU initiatives such as Horizon Europe, EIT Manufacturing, and Digital Europe.
Support Regional Innovation Hubs for PdM and Deep Tech Integration
Establish regional centers of excellence and testbeds that facilitate experimentation, standardization, and knowledge sharing in PdM. Such hubs would enable SMEs and educational institutions to access advanced infrastructure and expertise.
Enhance International Cooperation and Knowledge Exchange
Promote international collaboration in research and policy development on PdM and deep tech through joint EU and global initiatives. This would ensure the harmonization of standards, strengthen competitiveness, and accelerate the transition to sustainable industrial ecosystems.

7.6 Summary of Policy Priorities
To achieve systemic impact, policy actions should prioritize:
· establishing a coherent regulatory and standardization framework;
· ensuring accessibility of deep tech solutions for SMEs;
· integrating PdM within circular economy and sustainability strategies;
· investing in digital and green skills development; and
· fostering long-term cross-sectoral cooperation through innovation partnerships.
Together, these measures can transform Predictive Maintenance from a purely technical solution into a strategic lever for sustainable industrial and societal progress.
8. [bookmark: _Toc212336507]Conclusion 
The integration of deep technologies into Predictive Maintenance (PdM) represents a transformative opportunity for European industry. Beyond improving operational efficiency and reducing costs, PdM acts as a catalyst for sustainability, resilience, and social responsibility—key pillars of the European Green Deal and the Industry 5.0 vision.
The analysis presented throughout this paper demonstrates that PdM can substantially extend machinery lifecycles, minimize waste, and support resource efficiency by leveraging data-driven insights and advanced sensing technologies. However, its full potential can only be realized through coordinated policy action that bridges the technological, educational, and regulatory domains.
To achieve this, it is essential to:
· Align PdM with broader sustainability and digitalization frameworks, ensuring coherence across industrial, environmental, and innovation policies;
· Foster standardization and data governance, creating trust-based and interoperable digital ecosystems;
· Empower the workforce through targeted education and reskilling programs that integrate deep tech and sustainability competencies; and
· Support cross-sectoral partnerships and financial mechanisms that accelerate the adoption of PdM among small and medium-sized enterprises (SMEs).
By adopting such a multidimensional approach, PdM will evolve from a maintenance tool into a cornerstone of sustainable industrial transformation. This evolution requires collaboration across all levels—policy, industry, and education—to ensure that technological advancement translates into tangible environmental and social benefits.
In conclusion, Predictive Maintenance supported by deep tech applications is not merely a technological innovation but a strategic enabler of Europe’s transition toward a circular, human-centered, and digitally empowered industrial future. Through the implementation of the proposed policy recommendations, the European Union, its member states, and non-EU European countries can lead the global shift toward sustainable and intelligent production systems, securing both economic competitiveness and societal well-being.
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