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Katherine Michelle Pineda 1.2.2024

Benefits and Impacts of the Digitalization for a Sustainable Future: An Approach to
Circular Economy and Industry 4.0

Sustainability through Circular Economy and Industry 4.0

Facing a multitude of global challenges, embracing sustainable development has become an
imperative for the world’s future. As we stand at the convergence of two transformative forces:
The transitions to a circular economy and the accelerated advancements of Industry 4.0
technologies, the need for a comprehensive and nuanced strategy has never been more
compelling. This report delves into the relationship between digitalization, circular economy,
and Industry evolution, aiming to identify the challenges in this convergence but also to find

ways to use the benefits for a more sustainable and resilient future.

Digitalization, with its transformative capabilities, has permeated every facet of our society
and economy, shaping the landscape in which businesses operate and society’s function.
Concurrently, the principles of the circular economy, emphasizing waste reduction and
sustainable resource utilization, have gained prominence as a guiding framework for
responsible and resilient business practices (Happonen et al., 2021). Recognizing the need for
amultifaceted approach, this report advocates for the integration of the transformative potential

of Industry 4.0 technologies with the sustainability imperatives of a circular economy.

The confluence of Circular Economy and Industry 4.0 represents a paradigm shift in
manufacturing systems. Industry 4.0 seems to be the next evolutionary phase of manufacturing
systems, unlocking new models and methodologies that transform traditional manufacturing
into smart systems (Zhong et al., 2017). A massive amount of data is generated in the industry
by manufacturing, material use, and disposal phases, and collect it represents a challenging
undertaken. However, Al, as demonstrated by T.S. Ramadoss et al. (2018), emerges as a key
enabler in analyzing vast datasets, playing a pivotal role in facilitating a systematic shift and

driving sustainable practices in the industry (Ramadoss et al., 2018)

The product design for circularity is a backbone in Circular Business Models (CBMs).
Characteristics such as remake, disassembly, futureproofing, maintainability, and recycling
form interconnected loops. Strategies outlined by P. Vanegas et al. (2018) focus on extending
product lifecycles, boosting recycling efficiency, and increasing material efficiency (Vanegas

et al.,, 2018). Al emerges as powerhouse in sustainable product design. It allows for the



optimization of products through disassembly at the design phase, retaining 80-90% of
products to create new materials (Desai & Mital, 2005). The three key strategies of circular
product design — extending lifecycles, boosting recycling efficiency, and increasing material

efficiency—are significantly enhanced through the incorporation of Al.
Consumers as the fuel of the Digitalization

Achieving the emerging society’s expectations has become globally a herculean undertaking
for the industry in recent years, due to the increase in population and the growth of the “middle-
class” (Ghoreishi and Happonen, 2021). These factors have promoted the emergence of an
increasingly demanding consumer society. Scientific, technological, and social efforts have
focused on finding solutions to meet this demand, but social dynamics have made this task
progressively complex, leading the world to develop increasingly urgent and complex

sustainability needs.

Consumers’ attitudes toward sustainability related to use, wash, repair, and rental products are
important factors to consider when aiming to build a circular economy and foster a culture of
responsible waste processing and recycling (Zaikova et al., 2022), especially for the textile
industry (Ghoreishi and Happonen, 2021). According to the European Parliament, the
environmental impact of textiles industry in Europe was costing approximately 270kg of
carbon footprint per person by 2020 (European Parliament, 2020). Also, a staggeringly low 1%
of materials used in clothing production are recycled, despite the apparel industry’s significant
environmental footprint, accounting for 2-1-% of Europe’s environmental impact (Happonen
and Goreishi, 2021). These consumers trends make it even more difficult to protect the
environment from the impact of supplying a society that no longer focuses on meeting needs,

but on acquiring satisfiers to those needs.
Industry 4.0, Al, and Circular Economy Integration

Industry 4.0 or 4IR emerged as the latest revolution in manufacturing, powered by data,
analysis, robots, and human-machine interaction (McKinsey & Company, 2022). In Circular
Economy (CE), the 4" Industrial Revolution (4IR) plays a crucial role by monitoring products,
transmitting real-time data, and providing accurate information about product conditions and
availability. This aids manufacturers in efficiently managing, slowing down, and eventually
closing material loops. These technological advancements can be implemented as sensors or
applications to strategize, monitor, predict, and regulate the entire lifecycle of a product
(Goreishi and Happonen, 2019).



The rise of Industry 4.0 technologies, such as Big Data, Artificial Intelligence, Internet of
Things, and 3D printings, are building a pathway for businesses to transition toward circular
models (Piili et al., 2013; Antikainen, et al., 2018). 10T sensors embedded in production lines
enable real-time monitoring, predictive maintenance, and data-driven decision-making. By
connecting devices and analyzing vast amounts of data, 10T is optimizing resource utilization,
reducing waste, and improving efficiency. This is leading to significant cost savings and
environmental benefits for manufacturers (Ghoreishi and Happonen, 2021). Al algorithms,
powered by the vast amounts of data generated by 10T sensor, can analyze production patterns,
and optimize resource allocation, leading to more efficient production processes and a decrease

in vast generation (Soori et al., 2023).

Big data analytics, aggregates and analyzes data from different sources, including 10T sensors,
production records, and customer feedback, enabling companies to gain a better understanding
of their supply chains. This information can then be used to identify opportunities for
circularity, such as repurposing waste materials or extending the lifespan of products (Mageto,
2021). 3D printing technology, with its ability to create customized products on-demand,
eliminates the need for mass production, reducing the excess inventory and waste associated

with traditional manufacturing methods (Utilities One, 2023).
Transition Challenges and Solutions

Companies transitioning to Circular Economy face challenges related to the integration of the
Fourth Industrial Revolution (4IR) technologies. Challenges, as outlined by R. Sheppard et al.
(2016), are being met with innovative solutions, with 4IR playing a crucial role in tracking

products, transferring real— time data, and narrowing material loops (Sheppard et al., 2016)

One of the biggest challenges for industries towards transitioning to the Integration to Industry
4.0 is the high implementation costs (Akinbola, 2023). The initial investment required for
adopting Industry 4.0 and Circular Economy practices can pose some financial challenges for

many companies (Nascimento et al., 2019).

Other challenges are related to the implementation of change. It is said that the digitalization
won’t replace personnel with technology: Digitalization will replace personnel with skilled
personnel in such technologies. The implementation of advanced technologies requires a
workforce with specialized skills and open to transformation of the traditional manufacturing

processes and business models (Lopes de Sousa Jabbour et al., 2018).



Mitigations to these challenges can be implementing collaborative research and development
among industry players, research institutions, and government bodies can help share the
financial burden of implementation, fostering innovation and knowledge exchange (Antikainen
et al., 2018). Also, implementing training programs to upskill existing employees and attract
new talent with the required expertise in digital technologies and circular economy practices

can help to limit job displacement because of digitalization (Blunck and Werthmann, 2017).
Al as Predictive Decision-Making

AT’s ability to precisely predict product demands facilitates more accurate decision-making on
material reuse. This capability, highlighted by E. Ghoreishi and Happonen (2020), contributes
to a more sustainable and circular approach to manufacturing (Ghoreishi & Happonen, 2020).
AT’s ability to analyze vast datasets enables the precise prediction of product demands. This
capability aids companies in making informed decisions regarding production volume,

resource allocation, and material reuse (Wen et al, 2018).
Resource Efficiency and After-Sales Services

Al aids in circular product design by providing precise data on resources, reducing resource
consumption, and increasing material productivity. Sensors in products, powered by Al, enable
the monitoring of performance and maintenance requirements, enhancing after-sales services
(Ghoreishi, 2022).

Waste Prevention through Al

AT’s role extends to identifying potential failures in processes and operations, helping prevent
waste generation. The ability to collect data on operations, as highlighted by Lopes de Sousa
Jabbour et al. (2018), aids in the early identification and prevention of situation leading to
waste. AI’s predictive capabilities extend to identifying potential failure points in processes,
allowing companies to take proactive measures to prevent waste generation. This real-time
monitoring and decision-making contribute to waste reduction and environmental

sustainability (Lopes de Sousa Jabbour et al., 2018).



Conclusions

The confluence of Circular Economy, Industry 4.0, and Artificial Intelligence heralds a new
era for the industry. This synergy is not merely a convergence of technologies but a strategic
alliance that addresses environmental concerns, empowers sustainable product design, and
propels the industry towards a circular and intelligent future. The benefits are evident in
environmental conservation, economic efficiency, social responsibility, and technological
advancements. As challenges are met with innovative solutions, the industries stand posed to
lead the way in the global shift towards a more sustainable, efficient, and circular

manufacturing landscape.

Engaging members of society in circular economy initiatives is also crucial to ensure the
resilience of a sustainable global system. Their behavior poses the most significant challenge
to successful implementation, not merely due to the stress induced by their demand for goods
and services, but also because the effectiveness of technology hinges on its judicious
integration within industries, a responsibility that rests squarely on the shoulders of individuals.
In this context, fostering a collective understanding of the symbiotic relationship between
societal actions and technological advancements becomes a linchpin for achieving lasting

success in the pursuit of a circular and sustainable future.



References:

Akinbola, C. (2023). Challenges of industry 4.0 technologies in supply chain management .
[online] Available at:
https://lutpub.lut.fi/bitstream/handle/10024/165301/Mastersthesis_Akinbola_Comfort.pdf?se
quence=3 [Accessed 7 Dec. 2023].

Antikainen, M., Uusitalo, T. and Kivikyt6-Reponen, P. (2018). Digitalisation as an Enabler of
Circular Economy. Procedia CIRP, 73, pp.45-49.
doi:https://doi.org/10.1016/j.procir.2018.04.027.

Blunck, E., Werthmann, H. (2017). Industry 4.0 — An Opportunity to Realize Sustainable
Manufacturing And Its Potential For A Circular Economy. DIEM.

Desai, A. and Mital, A. (2005). Incorporating work factors in design for disassembly in
product design. Journal of Manufacturing Technology Management, 16(7), pp.712—732.
doi:https://doi.org/10.1108/17410380510619932.

European Parliament (2020). The impact of textile production and waste on the environment
(infographics) | News | European Parliament. [online] www.europarl.europa.eu. Available at:

https://www.europarl.europa.eu/news/en/headlines/society/20201208ST0Q93327/the-impact-

of-textile-production-and-waste-on-the-environment-infographics.

Ghoreishi, M. (2022). Capabilities of Artificial Intelligence for circular product design.
[online] LAB Focus. Available at: https://blogit.lab.fi/labfocus/en/capabilities-of-artificial-

intelligence-for-circular-product-design/ [Accessed 7 Dec. 2023].

Ghoreishi, M. and Happonen, A. (2020). Key enablers for deploying artificial intelligence for
circular economy embracing sustainable product design: Three case studies. 13TH
INTERNATIONAL ENGINEERING RESEARCH CONFERENCE (13TH EURECA 2019),
2233(1). doi:https://doi.org/10.1063/5.0001339.

Ghoreishi, M. and Happonen, A. (2021). The Case of Fabric and Textile Industry: The
Emerging Role of Digitalization, Internet-of-Things and Industry 4.0 for Circularity.
Proceedings of Sixth International Congress on Information and Communication Technology,
pp.189-200. doi:https://doi.org/10.1007/978-981-16-1781-2_18.


https://www.europarl.europa.eu/news/en/headlines/society/20201208STO93327/the-impact-of-textile-production-and-waste-on-the-environment-infographics
https://www.europarl.europa.eu/news/en/headlines/society/20201208STO93327/the-impact-of-textile-production-and-waste-on-the-environment-infographics

Happonen, A. and Ghoreishi, M. (2021). A Mapping Study of the Current Literature on
Digitalization and Industry 4.0 Technologies Utilization for Sustainability and Circular
Economy in Textile Industries. Proceedings of Sixth International Congress on Information
and Communication Technology, pp.697—711. doi:https://doi.org/10.1007/978-981-16-2102-
4 63.

Happonen, A., Laplaza Osta, I., Potdat, A., Garcia-Alcaraz, J.L. (2021), Financially Feasible
and Sustainable - Reviewing Academic Literature on Sustainability related Investment
Studies, 1st edition, Book publisher International, pp. 1-43, doi: 10.9734/bpi/mono/978-93-
5547-032-4

Lopes de Sousa Jabbour, A.B., Jabbour, C.J.C., Godinho Filho, M. and Roubaud, D. (2018).
Industry 4.0 and the circular economy: a proposed research agenda and original roadmap for
sustainable operations. Annals of Operations Research, 270(1-2), pp.273-286.
doi:https://doi.org/10.1007/s10479-018-2772-8.

Mageto, J. (2021). Big Data Analytics in Sustainable Supply Chain Management: A Focus on
Manufacturing Supply Chains. Sustainability, [online] 13(13), p.7101.
doi:https://doi.org/10.3390/su13137101.

McKinsey & Company (2022). What Is Industry 4.0 and the Fourth Industrial Revolution?
[online] McKinsey & Company. Available at: https://www.mckinsey.com/featured-

insights/mckinsey-explainers/what-are-industry-4-0-the-fourth-industrial-revolution-and-4ir.

Nascimento, D.L.M., Alencastro, V., Quelhas, O.L.G., Caiado, R.G.G., Garza-Reyes, J.A.,
Rocha-Lona, L. and Tortorella, G. (2019). Exploring Industry 4.0 technologies to enable
circular economy practices in a manufacturing context. Journal of Manufacturing Technology
Management, [online] 30(3), pp.607—627. doi:https://doi.org/10.1108/jmtm-03-2018-0071.

Piili, H., Widmaier, T., Happonen, A., Juhanko, J., Salminen, A., Kuosmanen, P., Nyrhilg, O.
(2013), Digital Design Process and Additive Manufacturing of a Configurable Product,
Advanced Science Letters, Vol. 19, No. 3, pp. 926-931, doi: 10.1166/as1.2013.4827

Ramadoss, T., Alam, H. and Seeram, R. (2018). Artificial Intelligence and Internet of Things
enabled Circular economy. The International Journal of Engineering and Science (1JES),
7(9), pp.55-63.


https://www.mckinsey.com/featured-insights/mckinsey-explainers/what-are-industry-4-0-the-fourth-industrial-revolution-and-4ir
https://www.mckinsey.com/featured-insights/mckinsey-explainers/what-are-industry-4-0-the-fourth-industrial-revolution-and-4ir

Sheppard, R., Stassen, F., Pritchard, G. “Intelligent assets: Unlocking the circular economy”,
Ellen MacArthur Foundation, p. 39, 2016

Soori, M., Arezoo, B. and Dastres, R. (2023). Internet of things for smart factories in industry
4.0, areview. Internet of Things and Cyber-Physical Systems, [online] 3.
doi:https://doi.org/10.1016/j.iotcps.2023.04.006.

Utilities One. (n.d.). Exploring the Potential of 3D Printing Engineering the Next Industrial
Revolution. [online] Available at: https://utilitiesone.com/exploring-the-potential-of-3d-

printing-engineering-the-next-industrial-revolution [Accessed 7 Dec. 2023].

Vanegas, P., Peeters, J.R., Cattrysse, D., Tecchio, P., Ardente, F., Mathieux, F., Dewulf, W.
and Duflou, J.R. (2018). Ease of disassembly of products to support circular economy
strategies. Resources, Conservation and Recycling, [online] 135(135), pp.323-334.
doi:https://doi.org/10.1016/j.resconrec.2017.06.022.

Wen, Z., Hu, S., De Clercq, D., Beck, M.B., Zhang, H., Zhang, H., Fei, F. and Liu, J. (2018).
Design, implementation, and evaluation of an Internet of Things (10T) network system for
restaurant food waste management. Waste Management, 73, pp.26—38.
doi:https://doi.org/10.1016/j.wasman.2017.11.054.

Zaikova, A., Deviatkin, 1., Havukainen, J., Horttanainen, M., Astrup, T.F., Saunila, M.,
Happonen, A. (2022), Factors Influencing Household Waste Separation Behavior: Cases of
Russia and Finland, Recycling, Vol. 7, Iss. 52, pp 1-15, doi: 10.3390/recycling7040052

Zhong, R.Y., Xu, X., Klotz, E. and Newman, S.T. (2019). Intelligent Manufacturing in the
Context of Industry 4.0: A Review. Engineering, 3(5), pp.616-630.
doi:https://doi.org/10.1016/j.eng.2017.05.015.


https://www.researchgate.net/publication/377066494

