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Abstract. The manufacturing industry plays a crucial role in addressing 

sustainability challenges by integrating eco-friendly practices into product design. 
Employing a System Thinking methodology, this research comprehensively 

considers the interconnected components of a product, entities involved, and their 

interactions. The study focuses on developing a corporate sustainability tool for the 
entire supply chain, leveraging Digital Twin (DT), Virtual Reality (VR), and 

Augmented Reality (AR) to facilitate eco-design. Benchmarking existing 

monitoring systems and case studies in sustainable product design identifies gaps 
and opportunities, establishing guidelines for integrating digital technologies. 

Within the industrial context, the designer implements the system to ensure the 

development of eco-compatible products (Green Design), considering not only 
environmental impact, but also social change. The aim of this paper is to design a 

corporate sustainability tool based on a digital product model enriched with specific 

product and process information. This tool serves as an instrument for the company 
to evaluate environmental, social and governance data, make strategic sustainability 

decisions, and create company dashboards that facilitate the visualization and 

analysis of this data. The creation of a Digital Product Passport (DPP) will offer 
valuable information on the sustainability aspects of the product, benefiting end 

users who utilize the product. Conducted within a co-financed Ph.D. program with 

an Italian industrial machinery manufacturer, the research addresses challenges in 
academia-industry collaboration, enhancing the practical application of designed 

systems. The findings have significant implications for the manufacturing industry, 

contributing to sustainable product design practices and establishing a standardized 
framework for assessing and communicating product sustainability. 
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Introduction  

Today, sustainability stands as a cornerstone within the manufacturing industry, 

epitomizing the evolution from Industry 4.0 to Industry 5.0. Within the framework of 

Industry 5.0, sustainability, resilience, and Human-centric design solutions constitute the 

foundational pillars driving industrial progress [1]. 

To effectively design and operate according to sustainability principles, it becomes 

imperative to quantify sustainability and business performance through robust indicators 

and metrics [2]. Sustainability Key Performance Indicators (SKPIs) serve as 

indispensable tools for monitoring sustainability, supporting companies in the adoption 

of green and affordable practices [3] and promoting social change. In fact, these SKPIs 

serves as a key to raise the awareness about the overall impact of industrial processes 

and sustainable development goals (SDG), increasing the knowledge of operators at the 

shop-floor and engineers during the design process [4]. However, this necessitates the 

integration of digital technologies for precise measurement [5] and the support in taking 

the most proper corrective actions according to sustainability principles.  

In contemporary industrial contexts, sustainability transcends mere rhetoric; it 

demands tangible measurement across the entire lifecycle and value chain. This entails 

evaluating environmental, economic, and social impacts with precision. Manufacturing 

enterprises must, therefore, adopt a cohesive measurement framework capable of 

capturing and analyzing pertinent parameters, supporting operators in visualizing 

strategic parameters that influence the overall process sustainability. The advent of 

modern digital transition technologies presents an unprecedented opportunity for 

aligning production processes with continually updated evaluation metrics. 

The implementation of the Green Design concept within these contexts has a 

significant impact not only on the methods of product design but on all phases involved 

in the entire process. Green Design and ecological information systems implemented by 

the company can improve production performance by ensuring an adequate overall 

product quality from a sustainability perspective [6]. Industry 4.0 Technologies [7], such 

as Internet of Things (IoT) and virtual and augmented reality (VR&AR) [8], have 

revolutionized production operations through interconnected capabilities, optimizing 

efficiency and enabling data-driven decision-making. Embracing these technologies 

empowers manufacturers to dismantle data silos, enhance demand forecasting, and 

implement predictive maintenance programs. 

As posited by the European Commission, Industry 5.0 heralds the next phase of 

economic and societal evolution, augmenting the existing Industry 4.0 paradigm with a 

steadfast commitment to sustainability, human-centeredness, and resilience [9]. 

Central to the integration of sustainability is the alignment of digitalization with 

circular economy principles. Digitization, coupled with digital tools, not only fosters 

competitive advantage but also facilitates self-assessment and strategic decision-making 

within companies. Real-time monitoring of business data, enabled by digitization, 

empowers enterprises to make informed choices, guided by insights derived from eco-

design principles. 

The convergence of sustainability and digitization emerges as a cornerstone for 

enhancing competitiveness and value creation within the manufacturing sector. By 

embracing Industry 4.0 technologies and intertwining them with sustainability 

imperatives, companies can navigate the complexities of contemporary industrial 

landscapes with confidence and foresight [10]. 
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Advanced digital technologies have proven to be valuable supports for better and 

more efficient work when integrated into the manufacturing workforce. However, 

structured methodologies and guidelines are lacking for concretely applying human 

factors to the design of sector-specific digital solutions [11]. An increasingly rapid 

technological development and the continuous drive towards digitization are trends that 

can significantly contribute to achieving a transition towards corporate sustainability. 

Today, we often hear about big data, a term that describes a large volume of data, 

both structured and unstructured, present in companies every day. What is necessary is 

not so much the quantity of data, but what the company can do with it. 

These data can be used to develop products and processes with sensors capable of 

reading information and data in terms of energy consumption during product use, to 

monitor in real-time the availability of goods in the warehouse, to have integrated 

databases ideally connected with the supply chain to better understand the end consumer 

and anticipate their needs, to optimize the end-of-life of products in accordance with the 

principles of circular economy, and to remotely manage equipment maintenance for 

monitoring people's health. 

The aim of the research is to promote sustainable design of Industry 4.0 ceramic 

plants by investing in the three areas of sustainability (environmental, economic, and 

social) with a focus on Green Design. The idea is to create a Sustainability Digital Twin 

(SDT) that allows managers and designers to have access to a "digital" version of the 

entire process and monitor its data in real-time. This enables the availability of a 

sustainability data visualization dashboard for making proactive and informed strategic 

business decisions and discussing Green Design. A proposal of a dashboard that 

visualizes SKPIs is presented as a tool that can support social change by increasing 

awareness and empowering decision-making. By harnessing the power of data 

visualization, such a dashboard can inspire individuals and companies to act towards a 

more sustainable world. 

The project is conducted within a co-financed Ph.D. program with an Italian 

industrial machinery manufacturer which one of the main businesses is the ceramic one. 

The paper is structured as follow: in section 2 is shown the methodology and the 

framework of the designed tool, in section 3 is described the use case and in section 4 

are reported the main results and the discussion. 

1.  Methodology to promote a Sustainability Digital Twin 

Incorporating digital tools into industrial contexts enables the calculation and monitoring 

of sustainability across all facets of business operations. By implementing advanced 

technologies into existing systems and tools, it provides a more precise and strategic 

vision for sustainable management. At its core, modern digital technologies, such as 

Digital Twin [12], could serve as a tool to monitor the three pillars of Triple Bottom Line 

(TBL) sustainability: environmental, social, and economic. The primary benefit of their 

adoption is the enhanced transparency it brings to the entire company supply chain, as 

well as to end-users purchasing the product. Through the proposal of a SDT tool 

companies could rely on a tangible representation of sustainability efforts, fostering 

greater clarity and accountability (Figure 1). 
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Figure 1. Methodology to develop a Sustainability Digital Twin (SDT) 

 

The SDT represents a cutting-edge data monitoring, calculation, and evaluation 

system designed to revolutionize sustainable management practices. Functioning as a 

digital system, it excels in measuring, evaluating, and scoring various sustainability 

metrics, while seamlessly managing and communicating company data. Moreover, the 
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SDT serves as a valuable resource for the company itself, enabling the evaluation of 

corporate data and facilitating strategic decisions aligned with sustainability objectives.  

Modern digital technologies like Augmented and Virtual Reality (AR&VR) could 

serve as a tool to interactively visualize information, trends, and suggestion from the 

SDT, in various contexts. In particular, AR could be used as a contextual support to 

operators in order to visualize parameters in real-time and take corrective actions through 

augmented procedures, while VR could be a support decision tool for technicians in 

designing in line with sustainability principles [13]. Fortunately, nowadays there are 

platforms that enable the creation of AR and VR applications without requiring expert 

programming skills, known as low-code platforms, which can boost the creation of the 

SDT, such as EnWorks and 3DFrame [14]. 3DFrame is a user-friendly application 

designed to assist enterprises in conceptualizing, planning, and presenting products. This 

industrial-use application allows for the creation of 3D virtual worlds (digital twins) 

without any coding knowledge [15]. This also enables non-programming experts to 

replicate entire industrial processes in AR&VR. The other tool is EnWorks, which 

enhances human work through visual assistance based on augmented reality. EnWorks 

is a powerful solution that supports training, production, and maintenance processes. It 

is powered by augmented reality visual assistance to enhance productivity and workforce 

safety. These tools, employed within the context of visualizing corporate sustainability 

data, offer comprehensive insights into sustainability performance, guiding continuous 

improvement efforts. Compared to other existing platforms for VR and AR like Unity 

3D, these tools have free template packages to speed up the experience creation but with 

a limited flexibility. At the same time providing access to the Digital Product Passport 

(DPP) [16], they promote collaboration and transparency throughout the supply chain, 

steering collective efforts towards sustainability goals. 

The Digital Product Passport (DPP) and a Circular Economy Decision Support 

System (CE-DSS) will be considered high-level tools that facilitate the reliable exchange 

of resources, the selection of optimal strategies for circular inventory management, and 

the definition of informed information and coordinated decisions for managing product 

lifecycle along value chains in a secure, reliable, and agile manner. 

In summary, the SDT emerges as a transformative solution, revolutionizing 

sustainable management practices by harnessing the power of digital technologies. 

Through its multifaceted capabilities, it propels companies towards a more sustainable 

future, characterized by transparency, accountability, and strategic decision-making. 

2. Industrial use case  

SACMI is a global leader in providing advanced technologies for the ceramics, metals, 

packaging, food and beverage, and plastic container industries, aiming to generate 

sustainable innovation. Solutions have been developed to minimize raw material and 

energy consumption, incorporating new technologies and prototypes made possible by 

extensive knowledge of materials and processes. 

Within the Ph.D. Project, the focus has been on the ceramic business, as it represents 

the most energy-intensive machinery among those produced by SACMI. Monitoring and 

intervention to optimize sustainability performance are crucial in this area.  

Following an analysis conducted on the current state of the art, no digital tools 

capable of monitoring sustainability parameters for the ceramic manufacturing industry 

appear to be present. The application of industrial digital technologies is increasingly 
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prevalent in large companies, but there is still a lack of connection between these 

technologies and the concept of sustainability. For the research to have practical 

implementation in the industrial context, one of the most significant ceramic kilns for 

SACMI has been selected as a case study.  

The project idea revolves around the possibility of monitoring and visualizing kiln 

data using Industry 4.0 technologies. The ceramics industry is recognized for its energy-

intensive processes, such as high temperature firing, material handling, mixing, and 

molding, which require significant amounts of energy [17].  

In order to ensure the monitoring of the correct parameters and thus enable Green 

Design actions, a selection of indicators to be reported was made in a previous analysis 

[17] [18]. In this paper, a series of indicators have been selected and identified, divided 

into macro and sub-categories with their respective calculation metrics, for all three 

sustainability domains. This selection allows for the measurement of the correct 

parameters and consideration of various sustainable design possibilities. 

The article proposes a set of Sustainability KPIs, SKPIs (88 social indicators, 61 

environmental indicators and 43 economic indicators) selected for ceramic companies to 

measure their own sustainability performance, providing data on the basis of which to 

implement strategic plans. The proposed approach recognizes several KPIs, such as raw 

material consumption, transportation costs, and ergonomic parameters. 

3. Results and discussion 

From the conducted analysis, it was possible to define a tool capable of monitoring 

sustainability data and visualizing them through the use of Industry 4.0 technologies. In 

particular, two scenarios have been identified, highlighting how this tool can be useful 

in different contexts of use and with different visualization modalities. 

These data will be displayed on designed dashboards, serving as a useful data 

visualization tool for both operators during production and technicians. Below are two 

figures (Figure 2 and 3) illustrating a possible design of dashboards that can be viewed 

in AR and VR. Within the dashboards, it will be possible to visualize aggregated data, 

such as the overall performance trend of the machine across the three sustainability 

parameters. Figure 2 provides an overview of the performance trends for the identified 

case study. In this instance, general data within subcategories defining sustainability are 

displayed. Moreover, various intervention areas, such as problem identification and 

proposed solutions, are visible. 

As seen in Figure 3, it will also be possible to delve into each specific sustainability 

domain in detail. In the case presented, various parameters essential for monitoring social 

sustainability are showcased (such as body temperature, alerts for total work stoppages, 

etc.), along with potential recommendations to be adopted or implemented to enhance 

machine performance. 

Within the first scenario, the ability to view data while simultaneously being able to 

interact directly with the machine hands-free proved crucial. For this reason, Augmented 

Reality (AR) was identified as the most suitable technology for use by an operator in 

production. By utilizing Augmented Reality, the operator will have the opportunity to 

view real-time values and adjust during monitoring and/or maintenance operations.  

Furthermore, the user will be able to evaluate whether the actions he is undertaking 

have a tangible impact on reality. Within this tool it will also be possible to access 

procedures created ad hoc with the aim of assisting the operator in specific phases of the 
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process (for example during a maintenance phase of a piece). In this way the user will be 

able to follow each phase of the procedure step by step with the necessary assistance so 

that it can be carried out in the best possible way. For the visualization of this scenario, 

AR EnWorks technology has been selected (Figure 4).

Figure 2. Overview Sustainable KPIs

Figure 3. Dashboard of Social KPIs
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Figure 4. Data visualization in Augmented Reality 

 

The second scenario identified is linked to the ability to view the identified data in 

Virtual Reality (VR), especially for technicians who need to make strategic decisions in 

the context of Green Design. In order to have a simulated scenario on which to safely 

intervene and anticipate decisions before making them concretely, 3DFrame technology 

has been chosen (Figure 5). 

 

 

Figure 5. Data visualization in Virtual Reality 
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4. Conclusions 

This research underscores the critical role of the manufacturing industry in addressing 

sustainability challenges through the integration of environmentally friendly practices 

into product design. The study comprehensively examined the interconnected 

components of products, entities involved, and their interactions. By leveraging Digital 

Twin (DT), Virtual Reality (VR), and Augmented Reality (AR), a corporate 

sustainability tool has been developed for the entire supply chain, facilitating eco-design 

initiatives. 

Through the analysis of a company case study, a methodology for the design of 

sustainable products was defined, establishing guidelines for the effective integration of 

digital technologies within the entire design process. In the industrial sector, the 

implementation of this system by designers ensures the development of environmentally 

friendly products (Green Design), with attention not only to the environmental impact 

but also to promoting social change. 

The primary objective of this document was to design a corporate sustainability tool 

based on a digital product model enriched with specific information on products and 

processes. This tool serves as a resource for companies to evaluate environmental, social, 

and economic data, enabling strategic decision-making on sustainability and facilitating 

the visualization and analysis of this data through company dashboards. The findings of 

this study have significant implications for the manufacturing industry, contributing to 

sustainable product design practices and establishing a standardized framework for 

evaluating and communicating product sustainability. 

Furthermore, the creation of a Digital Product Passport (DPP) for machinery is 

envisioned as a future development, building upon the identified sustainability data. This 

tool has the potential to provide valuable sustainability information to end-users as well, 

thereby enhancing the use phase and reuse of the product. 
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