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ABSTRACT: 
 
Increasing demand for sustainability and rapid digital technological development is changing 
how companies operate and manage their supply chains. This thesis investigates integrating dig-
ital technologies into supply chains to support the transition toward a circular economy (CE). The 
study mainly addresses how digital transformation helps to improve waste reduction, traceability, 
and transparency— the fundamental elements of circular economy objectives. This research em-
phasizes the application of emerging digital technologies or industry 4.0 technologies, including 
the Internet of Things (IoT), Artificial Intelligence (AI), blockchain, digital twins, big data analytics, 
cloud computing, and additive manufacturing. 
 
A qualitative research methodology was adopted, applying a thematic analysis approach to ex-
plore patterns and insights within the data. Following Braun and Clarke’s six-phase framework, 
the study systematically identified key themes relevant to the research objectives. Content anal-
ysis was then conducted using sustainability and annual reports from 18 multinational compa-
nies across various industries doing business operations in Finland. Through this method, five 
core themes emerged: the adoption of digital technologies, supply chain transparency, circular 
manufacturing integration, implementation challenges, and future directions for innovation. 
 
Findings show that digital technologies improve supply chain functions and facilitate the imple-
mentation of circular economy practices more efficiently for businesses. Such digital technolo-
gies facilitate integration to enable real-time tracking, efficient use of resources, and develop-
ment of closed-loop production systems. As per research, big companies have seen positive 
trends in adopting such technologies, but there are persistent challenges—financial, technical, 
regulatory, and organizational in nature. Small and medium-sized enterprise organizations (SMEs) 
are also negatively impacted, as they typically do not have the technical capability and the funds 
needed for digital transformation. 
 
The research concludes that effective integration of digital technologies into supply chains is 
more than just the adoption of new technology. It requires coordinated planning to link technol-
ogy and sustainability objectives, interdepartmental coordination, and supporting regulatory 
and policy environments.  The findings emphasize that digital solutions must be embedded into 
the overall supply chain strategy to achieve meaningful circular economy outcomes. This thesis 
adds to an understanding of how digital technologies are currently being used in the industry by 
offering insights based on actual company practices. It also highlights the practical barriers and 
enablers influencing how organizations implement circular and digital strategies together. 
 

KEYWORDS: Circular Economy, Digital Supply Chain, Emerging Technology, Sustainability 
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1 Introduction 

The increasing pressure on global supply chains to be more sustainable has given the 

circular economy (CE), well-known as a promising concept emphasizing resource effi-

ciency, waste minimization, and offering goods with a longer lifespan, significant mo-

mentum. Supply chains historically operated linearly: create, consume, and throw away. 

Eventually, in the context of food insecurity, material resource unavailability, and sus-

tainability challenges of resources, this model has started to become unsustainable due 

to its negative environmental impacts, resource depletion, and incapacity to adapt to 

changing societal needs. (Agrawal et al., 2023) . This means that to overcome this overall 

present situation, the practices of CE are incorporated through recycling, 

remanufacturing, and repurposing during all stages of the product life cycle so that waste 

is minimized and the resource is used sustainably. Digital supply chains (DSCs) integrate 

emerging digital technologies to support seamless operations; thus, the transition to CE 

is being largely facilitated by DSCs (Dwivedi & Paul, 2022).  

 

Blockchain, the Internet of Things (IoT), big data analytics, and other modern technolo-

gies are the leading digital tools to improve supply chain traceability, transparency, and 

coordination. Blockchain technology offers a safe, distributed approach to monitoring 

goods and resources throughout their lifetime. This enables different parties to exchange 

real-time information, fostering accountability and trust. Blockchain facilitates the view 

of how products and materials might be used rather than thrown away, consequently 

supporting circular economy objectives (Chaouni Benabdellah et al., 2023). 

 

On the other hand, the industry 4.0 advancements, such as the Internet of Things (IoT), 

artificial intelligence (AI), and cloud computing, further reinforce the DSC’s coherence 

with CE principles. Information from these technologies helps companies to make 

informed decisions as they crunch big data and predict the demand/supply variable, 

alongside optimizing the usage of resources while reducing waste. The IoT sensors can 

be used to measure the growth of stock levels and the flow of materials to ensure that 

the resources are being utilized efficiently and sustainably. For example. Predictive 
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maintenance and demand forecasting, made possible by artificial intelligence (AI) and 

big data analytics (BDA), allow supply chains to minimize unplanned downtimes, which, 

in turn, supports longer product lifespans and low resource consumption, which are key 

objectives of a circular economy (L. Liu et al., 2023) 

 

Furthermore, integrating circular economy (CE) ideas with digital supply chains (DSCs) is 

progressively seen as necessary for reaching sustainability and resilience in modern com-

panies. Empowered by new technologies and the acceptance of digital technologies, dig-

ital supply chains enable stakeholders to share knowledge and cooperate, allowing com-

panies to create flexible and sustainable supply chain systems. Organizations can match 

CE objectives using DSC capabilities to guarantee long-term sustainability, lower envi-

ronmental footprints, and improve resource economy. However, effective implementa-

tion depends on overcoming obstacles, including skill gaps, infrastructure problems, and 

stakeholder involvement, which call for strategic investment and leadership support. For 

companies, the convergence of CE strategies and digital technologies offers transforming 

possibilities for reaching sustainability and improving competitiveness and operational 

performance over time. (Arenkov et al., 2019; Santiago et al., 2024; Altan et al., 2024; 

Benabdellah et al., 2023) 

 

Moreover, it is crucial to learn from the past how digital supply chains (DSCs) increase 

supply chains' agility and resilience under worldwide events like the COVID-19 epidemic. 

By supporting circularity, resilience, and sustainability in manufacturing and distribution 

networks, DSCs help lessen the effects of such events. (Agrawal et al., 2023). Through 

encouraging cooperation and using CE models, DSCs play vital roles in enabling an or-

ganization to solve conventional supply chain issues, including limited resources man-

agement, environmental impact reduction, and operational performance enhancement. 

(Dwivedi & Paul, 2022).  

 

Particularly in cybersecurity, coordinating the objectives of digital supply chains (DSCs) 

with circular economy (CE) goals presents many difficulties. Kaur et al. (2024) highlight 
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how more vulnerabilities in linked supply chains result from the growing reliance on dig-

ital technologies. Usually aiming at shared digital environments, cyberattacks may dis-

rupt operations, result in financial losses, and pilfer intellectual property. The lack of 

coordinated efforts among supply chain partners to handle cybersecurity issues aggra-

vates these risks. Smaller supply chain providers, with limited resources to commit to 

cybersecurity, could become weak points in the system and give attackers access to 

more prominent networked companies. Dealing with these hazards requires large cy-

bersecurity expenditures and cooperative frameworks to improve resilience in digital 

supply chains. (Kaur et al., 2024). 

As Agrawal et al. (2023) stated, a second significant problem is the existence of both 

technological and process-related obstacles to using digital technologies for CE opera-

tions. Limited standardization, inadequate infrastructure, and a mismatch between CE 

principles and Industry 4.0 technologies all help prevent the integration of digital tools 

into supply chains. Along with these difficulties, financial constraints, including high ini-

tial investment costs and the lack of efficient economic incentive systems, prevent com-

panies from adopting digital-enabled CE practices. Furthermore, institutional and regu-

latory gaps, including unclear policies and weak government support, are confusing 

companies trying to match their supply chains with CE objectives. Overcoming these ob-

stacles requires smart investments, skill development, and strong policy creation. 

(Agrawal et al., 2023). 
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1.1 Research gap  

Although extensive research exists on the principles of the circular economy (CE) and the 

concept of digital supply chains (DSC), there is a gap in the combined literature. It re-

mains underexplored how emerging technologies like IoT, blockchain, and AI can collec-

tively support CE strategies within supply chains. The current literature lacks 

comprehensive frameworks or models demonstrating how these technologies can work 

together to resolve CE issues. 

 

Although much literature addresses the possibilities of digital technologies concerning 

CE objectives, research highlighting the actual industrial application of digital technolo-

gies has not been given enough attention. For instance, little is documented around 

more specific insights into the role of digital twins, additive manufacturing, or cloud 

computing in sectors like manufacturing, commerce, or logistics in enabling the CE. This 

creates a gap in understanding how these technologies can be practically implemented, 

scaled across diverse industrial settings, and, most importantly, contribute to sustaina-

bility. 

 

Research has been conducted to highlight the benefits of adopting digital technologies 

for CE; however, there is much less research on the challenges and barriers to this 

integration faced by companies. Concerns such as data security, interoperability, cost 

implications, and the absence of skilled personnel are regularly published but rarely 

examined in detail. In addition, how companies can overcome these obstacles to enjoy 

the advantages of digital supply chain technologies is still mostly unknown. 

 

Digital technologies, particularly emerging technologies, have not been well measured 

or investigated for their effects on sustainability outcomes, including traceability, waste 

reduction, and openness. There is a lack of empirical evidence and measures on how 

newly developed technologies directly assist in CE objectives. Given this lack of quantifi-

able results, companies find it challenging to evaluate efforts at supply chain digital 

transformation. 
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There is a lack of empirical evidence and metrics that assess how emerging technologies 

directly contribute to CE goals. This lack of quantifiable results prevents organizations 

from determining the success of digital transformation initiatives within their supply 

chains. Though several frameworks on digital transformation or CE already exist, an over-

all actionable framework specifically designed for integrating digital supply chains with 

CE strategies is still lacking. It should address technology adoption, process redesign, 

stakeholder collaboration, and sustainability measurement. This gap has limited organi-

zations' ability to transition effectively to digitally enabled circular supply chains. 

 

 

1.2 Aim of the research  

This study aims to develop a broad insight into the relationship between the circular 

economy and the digital transformation of supply chains. How emerging technologies 

help to facilitate better sustainability outcomes through supply chain management. This 

research will help in finding the practical and strategic means to sustainable parts of 

supply chain operations by questioning how the digitization of parts of supply chains, 

such as Internet of Things (IoT), blockchain, Artificial Intelligence (AI), digital twin, cloud 

computing, additive manufacturing, etc., can support the transition required from linear 

practice to circular practice. Thus, the following research question is addressed accord-

ingly.  

 

1. What are the key opportunities and challenges in implementing digital supply 

chain technologies, and how can these technologies be integrated to achieve cir-

cular economy goals? 

 

This research addresses three areas of enabling CE strategies by integrating digital tech-

nologies inside supply chains. Combined, the questions provide comprehensive insight 

into the status, the integration process, and associated challenges and opportunities. 

The research question referred to the present status of industries pursuing digital supply 

chains toward the goals of a circular economy transition for the company. The 
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investigation will look into what is happening today within organizations' practices, chal-

lenges, and preparedness regarding the adoption of circularity by digital technologies. 

This question will analyze existing gaps within supply chain models and study how firms 

currently address problems related to resource efficiency, waste management, and sus-

tainability. 

 

The research question also explores the opportunities and difficulties of using digital 

supply chain technologies to assist CE strategies. This includes finding potential obstacles, 

such as technical compatibility, financial and organizational issues, regulatory issues, and 

data privacy concerns. This research also explores the benefits, including enhanced effi-

ciency, decreased environmental impact, and improved collaboration among stakehold-

ers. By addressing these opportunities and challenges, this research aims to provide 

practical insights that help companies overcome barriers and make the most of new 

technologies for circular economy success. 

 

Moreover, this research question also addresses how emerging digital technologies can 

be included in supply chains to improve the sustainability of outcomes. This study looks 

at how new technologies like IoT, blockchain, AI, digital twins, cloud computing, additive 

manufacturing, and big data analytics could be used to ensure supply chain operations 

align with CE principles. This will help one better grasp how these technologies might be 

used to improve transparency, maximize resource economy, and enable closed-loop sys-

tems for recycling and reuse. 

 

This thesis focuses on one of the most critical problems in modern industry and the 

environment: circular economy strategies enabled through digital supply chains and how 

emerging technologies help allow sustainability. Since it offers a possible paradigm to 

improve resource efficiency, minimize residuals, and extend product lifetime, a circular 

economy (CE) is growingly appealing. Nonetheless, applying CE strategies calls for a 

careful review of organizational supply chains enabled by digital technology to ensure 

the seamless operation of the process. 



12 

Using blockchain, IoT, and big data analytics in digital technologies enhances operational 

efficiency by raising traceability and openness all around the supply chain. These fea-

tures let companies better track resource flows across their networks, reduce environ-

mental effects, and create closed-loop recycling and reuse systems. This addresses the 

unsustainable practices worldwide and fills a critical gap in how businesses operate to-

day. This research investigates how emerging technologies can serve as enablers to over-

come traditional circular economy barriers, such as reverse logistics, tracking limited ma-

terials, and integrating sustainability practices at every stage of the supply chain. 

 

In the present industrial era, it is essential to drive technological innovation in supply 

chains that align with the circular economy's principles. Industries currently encounter-

ing resource scarcity, environmental degradation, and escalating consumer demands for 

transparency have the potential to significantly address these challenges through the 

implementation of advanced digital approaches. In addition to facilitating the transition 

to a circular economy, digital technologies facilitate resource management, operational 

efficiency, and closer collaboration among all stakeholders in a company's supply chain. 

This investigation aims to determine the degree to which emerging technologies can be 

implemented to convert conventional supply chains into sustainable and resilient sys-

tems to the increasing digitalization of supply chains. 

 

This research suggests the necessity of a concise, actionable framework that any 

organization can use to meet the demands of aligning digital technologies with the 

circular economy. Indeed, a successful transition to such a model faces significant 

challenges, from technological interoperability and data privacy to considerable 

implementation costs. This study presents practical insights for organizations by 

analyzing established best practices and emerging innovations. These will form the 

foundation for developing scalable and adaptable solutions that satisfy organizational 

objectives and global sustainability standards. This will, therefore, help bridge gaps 

between theoretical advances and practical applications and make the study relevant in 

academia and industry. This will allow a gap to be identified, and individuals will be 
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aware of the organization's current state in Finland and how it can be integrated into 

companies that want to achieve circular economy goals. To achieve this aim, the follow-

ing specific objectives are outlined.  

 

1. To examine the role of digital technologies in promoting circular economy efforts 

within the supply chain. 

2. To analyze the impact of digital technology on key sustainability issues such as in-

formation transparency, traceability, and waste reduction 

3. To define a best practice for organizations transitioning through digitally 

transforming their supply chains to implement a circular economy.  

 

These three primary objectives focus on different but essential parts of integrating cir-

cular economy strategies through digital supply chains. The first objective is to examine 

how emerging digital technologies like the Internet of Things (IoT), blockchain, artificial 

intelligence (AI), digital twin, big data, cloud computing, and additive manufacturing can 

help progress circular economy efforts. To do this, need to give priority to examining how 

these technologies help optimize resources, manage their lifecycles, and reduce waste.  

 

The second objective is to evaluate the influence of these emerging digital technologies 

on critical sustainability concerns, including waste reduction, traceability, and infor-

mation transparency. By addressing these issues, this objective aims to illustrate the po-

tential of emerging technological solutions to reduce traditional barriers to sustainability 

and provide actionable insights into their applications in supply chain networks. 

 

The third objective is to establish best practices for organizations to transform their sup-

ply chains through digital transformation. To achieve this goal, a comprehensive strategy 

to address technological, operational, and organizational adversities, including a 

roadmap to improve circular economy strategies to make them both efficient and effec-

tive, must be developed and implemented. 
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1.3 Limitations of the study 

This research uses a qualitative approach, meaning it examines corporate sustainability 

reports and industry documents instead of using numbers, statistics, or real-time data. 

This method helps to deeply understand how companies describe their sustainability 

efforts, digital adoption, and future goals. However, it does not measure the actual im-

pact of these technologies in real-world operations. As a result, the findings may be 

based more on what companies report about themselves rather than what is happening 

in their supply chains. There is also a chance that companies present their efforts in a 

more positive light, which could create a reporting bias. This research relies on second-

ary data sources, including sustainability reports, company statements, and annual re-

ports, rather than direct feedback from industry professionals. Even though these re-

ports offer valuable insights into company strategies for sustainability and digital trans-

formation, they help understand broad industry trends. However, they might not dis-

cover the hidden challenges, gaps in implementation, or the detailed decision-making 

processes behind these initiatives. In that case, a mixed-methods approach, incorporat-

ing interviews, surveys, or case studies, could provide a more holistic understanding of 

the real-world application of digital and circular economy strategies.  

 

The study includes 18 multinational companies operating in Finland. These selected 

companies specialize in manufacturing, logistics, energy, technology, and packaging, 

among other fields. Even though the categories of businesses in this sample come from 

various industries, the findings might not apply universally, especially to smaller firms or 

local supply chains. Big companies usually possess better economic resources and tech-

nological progress, which might not represent the challenges and opportunities encoun-

tered by small companies since they typically do not release annual or sustainability re-

ports. Corporate sustainability reports are publicly available and self-declared docu-

ments from the companies, which might reflect corporate sustainability branding in-

stead of the actual operations of the industry. There is a clear potential that businesses 

can concentrate on successful digital projects without encountering difficulties, unsuc-

cessful projects, or regulatory non-compliance. This research acknowledges the 
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presence of potential selective disclosure bias, which can influence perceived success in 

digital and circular economy transformation. 

 

Applications of AI, IoT, blockchain, cloud computing, big data analytics, digital twins, and 

additive manufacturing in supply chains are evolving at a fast pace. Thus, the findings of 

this study can be utilized only for digital transformation in the years 2022–2023. Any 

upcoming technological change, policies, and sustainability processes may impact the 

adoption of digital technology; hence, research is always needed. It can be altered 

through technological progress, policymaking, the adoption of sustainability processes, 

and long-term adoption dynamics. 
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2 Theoretical framework 

 

2.1 Circular economy  

 

A methodical approach to economic development, the Circular Economy (CE) acknowl-

edges the reciprocal advantages among companies, society, and the environment. In 

contrast to the linear economy, which runs under a "take, make, dispose" paradigm, this 

is in line. Instead, the CE emphasizes the need for a circular system that maximizes ma-

terial cycles and reduces waste by optimizing resource use. Therefore, the circular model 

guarantees constant use of resources by including elements like long life cycles, simplic-

ity of maintenance, repair, reuse, remanufacturing, refurbishing, and recycling. 

(Kurniawan et al., 2022; Payer et al., 2024). 

 

Aiming to maximize resource use efficiency, the systemic and regenerative Circular Econ-

omy (CE) is a tool for economic development. CE encourages the use of perpetual re-

sources, unlike the traditional linear model. The basic ideas of Circular Economy (CE) are 

extending the initial use cycle, enabling secondary use by repairs and resale, and recov-

ering materials for reintegration into the manufacturing processes. Cooperation among 

stakeholders—including companies, governments, and consumers—improves environ-

mental sustainability while advancing social and economic benefits. (Lehmacher, 2017). 

 

CE has been defined and characterized through various principles across academic and 

practical fields. According to (Kurniawan et al., 2022), CE aims to optimize resources 

associated with products and materials throughout their life cycle and, as such, is 

encompassed by deep resource management that minimizes environmental externality. 

(Payer et al., 2024) With the pillars of sustainability—environmental, economic, and 

social through digital innovation and strategic governance. The CE model aims to create 

regenerative economic practices regarding ecological resilience and decrease the need 

for virgin resource inputs (Zekhnini et al., 2022).  
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According to Lahti et al. (2018), the circular economy has recently attracted considerable 

interest in achieving sustainable development. Often referred to as the circular economy, 

this economic model aims to reduce waste while simultaneously maximizing resource 

reuse and recycling. This approach contrasts with the conventional linear "take-make-

dispose" model, which has resulted in the depletion of natural resources and the accu-

mulation of waste. 

 

Furthermore, academics and professionals agree that the circular economy is a timely 

and highly relevant issue since industries should broaden their attention beyond the in-

terests of their shareholders and take care of more general society and environmental 

issues. Using virgin resources more effectively across the shift to a more sustainable pro-

duction and consumption pattern involving businesses and all stakeholders helps the cir-

cular economy aim to decouple economic growth from their use. (Cheng & Chou, 2018). 

 

In addition, the difference between a linear and circular economy is mainly in the 

product life cycle. A linear economy follows a traditional take-make-dispose model, while 

a circular economy applies the 3R strategy (reduce, reuse, recycle) to prevent resource 

depletion and waste generation (Noman et al., 2022). A circular economy is an industrial 

economy intended to be restorative or regenerative by intention and design. (Ranta & 

Saari, 2019). 

 

Therefore, the circular economy is now seen as an important and timely topic since sci-

entists and practitioners demand that companies go beyond the interests of sharehold-

ers and pay attention to broader economic and environmental issues. It aims to decouple 

economic growth from virgin resource use by ensuring sustainable production and con-

sumption systems involving enterprises and all stakeholders that enable more efficient 

use (Geissdoerfer et al., 2017). 

 

The circular economy (CE) concept represents a disruptive paradigm change from linear 

production-consumption to a regenerative and sustainable system. It covers procedures 
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that extend a product's life cycle and lower environmental impact. It calls for a complete 

transformation in corporate activities, policies, and societal behavior, combining social, 

ecological, and economic aspects. This approach, evident in many sectors, including the 

energy, building, and agri-food sectors, seeks to maintain resource value, reduce green-

house gas emissions, and promote ecological balance. (Raimo et al., 2023). 

 

The circular economy is critical in modern business practices, serving as a framework for 

sustainable growth, focusing on resource optimization and waste minimization. Let's 

take a closer look, especially in e-commerce. Implementing all data analytics and 

methods improves internal processes and significantly contributes to customer 

satisfaction, which means that they are adopting the key targets of the circular economy. 

Analytics helps prevent businesses from creating problems by optimizing resources and 

minimizing waste, making operations more sustainable (Seyi-Lande et al., 2024 ). 

 

In addition, technology companies can use Big Data to optimize their processes and 

become agile, allowing them to evolve rapidly to meet the market's demands. Enhancing 

efficiency helps create the foundation for sustainable business models at the heart of 

the circular economy. This agility, enabled by Big Data, guarantees business resilience as 

well as less environmental impact (Simpson et al., 2024). 

 

This also highlights the need for data governance systems that effectively control data 

privacy and security concerns in environmental research. By carefully handling personal 

information, these systems support the efficient acceptance of circular economy ideas 

and help build trust. By ensuring data integrity and transparency, one can inculcate sus-

tainable practices that combine social responsibility with the environment in companies 

and research (Layode et al., 2024). 
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2.2 Digital supply chains: an overview 

The digital supply chain is the network through which digital processes and data are in-

corporated in all procurement, manufacturing, distribution, and customer interaction 

phases. Such a system lets data be compiled and examined immediately, improving the 

visibility and control of the supply chain (Dolgui & Ivanov, 2022). Recent research has 

attempted to define digital supply chains by their end-to-end connectivity, which helps 

companies to adapt in the face of changes and base decisions on data instead of estima-

tions (Bag et al., 2023). 

 

Moreover, digital supply chain (DSC) is a relatively recent concept that evolved in 

response to modern supply networks’ growing complexity and globalization. By contrast, 

digital supply chains benefit from applying advanced technologies to enhance supply 

chain operations’ efficiency, transparency, and environmental sustainability. Emerging 

technologies, including big data analytics, the Internet of Things (IoT), 5G, artificial intel-

ligence (AI), blockchain, and digital twins, each of which helps differently to build an agile 

and information-based supply chain, enable this transformation. (Kamble et al., 2022). 

 

The digital transformation of supply chains has lately attracted considerable attention. 

Businesses want to improve operational efficiency, responsiveness, and resilience in an 

increasingly complex and unpredictable corporate environment. Defining a digital supply 

chain as integrating and optimizing supply chain processes through the strategic appli-

cation of digital technologies, including cloud computing, the Internet of Things, big data 

analytics, and blockchain, is not complex. (Ageron et al., 2020a; Büyüközkan & Göçer, 

2018; Marmolejo-Saucedo & Hartmann, 2020). 

 

The data-driven attribute of digital supply chains enables the optimization of the entire 

supply chain with improved configuration and decision-making (Tran-Dang & Kim, 2021). 

The new digital supply chains are more connected, data-driven, and responsive than tra-

ditional linear supply chains; management experts consider them a competitive 
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advantage in the global economy because they allow enterprises to create sustainable 

value while increasing customer service (Ageron et al., 2020). 

 

New-age supply chains driven by technology, data, and interconnectivity are digital sup-

ply chains. They use emerging technologies, including Big Data, cloud computing, the 

Internet of Things (IoT), robotics, and artificial intelligence (AI) to improve supply chain 

efficiency, flexibility, and sustainability. A technology-driven framework identified as dig-

ital supply chain management (DSCM) lets companies combine operations, use re-

sources, and react fast to unpredictable market demand. (Agrawal & Narain, 2018). 

 

According to Agrawal and Narain (2018), digitization in supply chain management has 

become an imperative rather than an option in the present globalized market. Digitized 

supply chains increase visibility and transparency across levels, from procurement to de-

livery, reduce inefficiencies, and improve decision-making. An organization capable of 

allowing real-time monitoring and management of resources, thus reducing wastage, 

will align with the circular economy principles, incorporating technologies like cloud-

based platforms, sensors, and data analytics. 

 

Digital supply chains are essential to pursuing sustainability objectives, including lower 

environmental impact and resource optimization, in the circular economy framework. 

IoT technologies let a company track goods throughout their lifetime for remanufactur-

ing, recycling, and reuse. Big Data analytics supports predictive insights concurrently that 

enable businesses to maximize inventory and logistics while reducing risks. (Agrawal & 

Narain, 2018). 

 

Digital supply chain (DSC) is a big transition from traditional supply chain design. It 

integrates advanced digital technologies to connect processes, minimize inefficiencies, 

and make better decisions. In a broader sense, DSC refers to implementing Big Data 

analytics, Cloud Computing, the Internet of Things (IoT), Blockchain-based tools, and 

digital infrastructure to build an integrated and responsive play (Ageron et al., 2020). 
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This contributes to agility and integration across supply chains while enabling the 

transparency necessary at the organizational level to maintain sustainable performance. 

 

In theory, the DSC translates this linear chain into an interconnected digital solution, 

otherwise known as a digital supply network (DSN), which aligns with systems thinking 

and dynamic capabilities. Key advantages of applying such a networked approach relate 

to timely data transfer, visibility of material in transit, reduction of bullwhip effects, and 

accuracy of decision-making aligned to targets such as cost-efficiency, agility, and 

responsiveness (Ageron et al., 2020). This is not just about manufacturing but also about 

using digital technologies to optimize design processes, collaborating with suppliers and 

logistics, and contributing to economic, social, and environmental sustainability. 

 

Besides, recent IoT and Artificial Intelligence technologies allow performance monitoring 

in real-time and predictive analytics. For instance, Big Data analytics carves visibility and 

resilience in decision-making, while cloud-based systems create an avenue for better 

supply chain integration and responsiveness. This digital space has forced organizations 

to look at supply chain aspirations: while integrating digital tools, projects can be 

managed effectively without compromising clean energy and overall sustainability 

(Kamble et al., 2021). 

 

On the one hand, DSC equally promises much and faces serious challenges related to 

adopting technologies, competency gaps, and business model best practices. Digital 

transformation requires organizations to revise their job profiles and give them 

competency in different aspects, starting with data analytics and leadership skills 

(Ageron et al., 2020). 
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2.3 Digital technologies in the context of digital supply chains 

Industry 4.0 is also known as the Fourth Industrial Revolution. This has gained a lot of 

support in recent years. It refers to a huge shift in how businesses and industries work.  

Industry 4.0 uses emerging digital technologies in production and industry, such as digi-

tal twins, the Internet of Things (IoT), cloud computing, and big data analytics (Kazan-

coglu et al., 2023; Shi et al., 2020).  The technologies change not only the way industries 

work but also how they are designed, how long they last, and how competitive they are. 

Digital technologies are crucial for change in supply chains and the circular economy. 

They make things easier to track, allow it to make decisions based on data, and help to 

build closed-loop processes. The goal is to save as many resources as possible and mini-

mize as little as possible. According to Zimmermann et al. (2024), digital technologies 

can be classified into three main groups: enablers, integrators, and application technol-

ogies. 

 

The foundation for connection and data processing is built by digital technology enablers. 

For examples, the Internet of Things (IoT), which enables devices to communicate with 

each other and be monitored in real-time; big data analytics, which help companies find 

useful information in large, complex data sets; and cloud computing, which gives com-

panies scalable, collaborative tools to store and share data across the supply 

chain. These technologies allow the individuals within the supply chain to view each 

other and collaborate more efficiently, increasing responsiveness and sustainability in 

operations (George et al., 2014; Marston et al., 2011; Zhou et al., 2020). 

 

Integrators of digital technologies, such as artificial intelligence (AI), simulation tools, 

and cyber-physical systems, act as the analytical and automation core of digital supply 

chains. AI facilitates predictive maintenance, automated decision-making, and personal-

ized services, while simulation technologies help optimize production planning and re-

source allocation. Cyber-physical systems link digital and physical components through 



23 

feedback loops, enabling real-time control and intelligent process adaptation across the 

value chain (Wamba et al., 2020; Szozda, 2017). 

 

Application technologies are those technologies that are applied directly in the opera-

tional environment. Additive manufacturing (3D printing), with on-demand and mate-

rial-efficient production, is one of them. Robotics and autonomous systems, with im-

proved accuracy and speed of operations, and human-machine interface technologies 

like augmented and virtual reality for enhanced safety and training of employees, are 

other examples. These technologies enable circularity by minimizing material loss, al-

lowing product customization, and prolonging product lifecycles through sophisticated 

repair and refurbishment capacity (Ford & Despeisse, 2016; Lu, 2017). 

 

This thesis analyzes digital technologies as central pillars supporting the transition from 

traditional to digital supply chains through digital technologies that help achieve a circu-

lar economy. The study examines how integrating enablers, integrators, and application 

technologies helps organizations address challenges. Such as poor visibility, inefficient 

reverse logistics, and limited stakeholder coordination—barriers that have traditionally 

hindered circular economy adoption. Technologies like blockchain and digital twins fur-

ther support this transformation by enhancing transparency, ensuring data integrity, and 

enabling real-time optimization of supply chain processes (Saberi et al., 2019; Kritzinger 

et al., 2018). This thesis investigates how companies deploy these digital solutions across 

various industries; this research provides practical insights into the role of digital tech-

nologies in advancing supply chain models in digital forms, which pave the way to 

achieve a circular economy. The findings contribute to a growing body of knowledge 

demonstrating how Industry 4.0 technologies are catalysts for operational efficiency and 

critical drivers of sustainability and long-term resilience in global supply networks. 

 

 



24 

2.4 The intersection of CE & digital SCM 

Digital technologies will enable companies to develop new value propositions and busi-

ness models, guiding the way to a circular economy. For example, digital platforms can 

allow product-service systems that let businesses offer access to goods instead of selling 

them, promoting the design of long-lived, easily repairable products. Furthermore, one 

can monitor the whole supply chain process. 

 

The effects of the COVID-19 pandemic have further emphasized the significant role 

digital technologies play in finding solutions for circular economy strategies 

communicated among supply chain units. On the other hand, pandemic disruptions 

shifted attention toward supply chain resilience and agility as firms consider options to 

improve their capacity for unexpected demand or supply shocks. Digital technologies, 

especially in this context, have helped companies better monitor and react to demand 

over supply (J. Liu et al., 2022). 

 

Circular Economy (CE) ideas introduced through Digital Supply Chains (DSC) indicate the 

beginning of sustainable, closed-loop systems aiming at waste reduction, better use of 

our limited resources, and operational efficiency. Remanufactured, recycled, and reused 

resources in a CE (Circular Economy) model help to extend the lifetime of goods or ma-

terials while lowering environmental damage. These objectives rely on having the cor-

rect tools and knowledge to monitor events in real time, assess data, and automate tasks. 

When applied all through supply chains, digital technologies enable resource tracking, 

waste reduction, and recovery techniques. DSC and CE develop a comprehensive, global 

strategy focusing on social, financial, and environmental objectives. Practical application 

of digital transformation increases supply chain visibility and efficiency. Furthermore, it 

is flexible enough to support sustainable practices aligned with world sustainability tar-

gets, such as the Sustainable Development Goals (SDGs) (Kurniawan et al., 2022). 
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2.5 Emerging technologies in supporting CE in SCM 

Emerging technologies are necessary to meet circular economy objectives throughout 

the supply chain. Digital Supply chains (DSCs) relate to using a range of digital 

technologies to enable access and sharing of real-time information among supply chain 

stakeholders, leading to real-time operational decision-making. They facilitate a better 

flow of goods, increase visibility, and ensure traceability, simplifying the process of 

implementing closed-loop systems — a building block for CE. Digitizing the supply chain 

will enable organizations to reuse, recycle, and reduce resources so that operations align 

with environmental sustainability objectives (Agrawal et al., 2023; Dwivedi & Paul, 2022). 

 

Digital technologies significantly improve circular economy (CE) practices and support 

their potential to promote sustainable resource use, waste minimization, and supply 

chain resilience within SCM. Technologies such as digital twins, blockchain, big data 

analytics, and artificial intelligence (AI) provide access to real-time accurate information 

and will fundamentally change the linear model of production and consumption into a 

circular economy system, where recycling processes are monitored for efficiency trails 

with technologies like additive manufacturing; cloud computing features help maintain 

customer satisfaction during service-based product transformation through mechanisms 

enabling reduction in energy consumption by balancing the resource loads throughout 

business supply chains using intelligent decision-making systems (Preut et al., 2021). 

 

The Internet of Things (IoT) is a revolutionary technology that provides real-time 

tracking and monitoring of resources within supply chains. Fitting into the circular 

economy (CE) paradigm helps solve a lot of pain points, such as ineffectiveness, waste, 

and lack of supply chain visibility that traditionally plague supply chains. Combining IoT 

and CE ideas effectively lets companies lower resource consumption, increase transpar-

ency, and support environmental sustainability. IoT plays a significant part in connecting 

tangible life to the virtual worlds, enabling the digital transformation of industrial sys-

tems through the Internet of Things (IoT) and establishing the relationship between IoT 
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and CE since IoT technologies enable data-driven decision-making to reinforce CE objec-

tives, including reducing, reusing, and recycling. (Kazancoglu et al., 2023). 

 

IoT is fundamentally a system of interconnected equipment that automatically gathers, 

analyzes, and distributes data. Among these devices are sensors, RFID tags, smart tags, 

NFC, QR codes, GPS systems, blockchain, and cloud computing, all of which help create 

an ecosystem of real-time information flows that allow supply chain players to maximize 

operations and reduce environmental impact as it is seen in figure 1. (Taj et al., 2023). 

Taiwanese organizations explored some areas of IoT being driven by CE strategies within 

organizations, specifically highlighting how IoT technologies can facilitate closed-loop 

supply chains, in which a business seeks to reduce waste disposal as well as 

environmental harm by reusing or recycling resources involved in production (Rusch et 

al., 2022). 

 

Figure 1.  Main technologies used for IoT-based SCM research  (Taj et al., 2023). 
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IoT is a more robust and holistic real-time tracking platform capable of tracing the 

location and movement of materials, parts, and products, providing information 

regarding the status at any time. Its ability aligns with CE principles based on resource 

efficiency and environmental care (Benabdellah et al., 2023). Using the Internet of Things, 

businesses can monitor their inventory levels in real time, consequently allowing them 

to manage their inventory levels optimally. RFID tags and sensors that organizations de-

ploy alongside their operations create an ecosystem that will enable them to do things 

such as track inventory status, identify bottlenecks in supply chains, and a plethora of 

other IoT use cases. This has rendered CE an essential weapon for the prevention of 

overproduction, storage cost cuts, and the minimization of resource wastage (Kazan-

coglu et al., 2023). 

 

As part of the circular economy, reverse logistics is a fundamental component for 

recovering, recycling, and reusing materials. The Internet of Things (IoT) enables this 

process in a digital supply chain by directly tracing returned products, components, and 

materials. Returned items are equipped with sensors to provide IoT-enabled real-time 

product condition data, allowing companies to determine if the items can be recycled, 

remanufactured, or repaired. These seamless connections between IoT and the digital 

supply chain optimizations resource utilization support various efficiencies and 

sustainable practices (Rusch et al., 2022). 

 

The Internet of Things (IoT) enhances visibility and control over product lifecycles in dig-

ital supply chains and the circular economy by embedding sensors that track usage pat-

terns, environmental conditions, and wear from production to disposal or repurposing 

(Payer et al., 2024). IoT supports predictive maintenance, extends asset life, and lowers 

resource waste by notifying businesses of maintenance needs before failures using real-

time data. IoT sensors track important manufacturing performance factors, preventing 

unplanned depreciation and maximizing efficiency. Companies can determine whether 

goods can be rebuilt, remanufactured, or recycled at the end of their lifetime using these 

insights inside a circular economy framework (Yadav et al., 2020). IoT-enabled tracking 
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systems improve material traceability even more, guaranteeing adequate and safe recy-

cling and letting companies keep responsibility outside the point of sale, including regu-

latory compliance and circular economy ideas. IoT integrated into the digital supply chain 

through optimal lifecycle management helps organizations streamline reverse logistics, 

improve resource recovery, and enable sustainability (Yadav et al., 2020). 

 

Sustainability requires leveraging Artificial intelligence (AI) to advance digital supply 

chains that combine circular economy concepts. By extending material lifetime, reducing 

waste generation, and optimizing resource use efficiency, such approaches help support 

the world's environmental goals. Real-time tracking and process optimization driven by 

AI can help ease this shift. Better sustainability and resilience in the supply chain around 

circular economy concepts can result from AI-led predictive maintenance and optimiza-

tion of digital supply chain operations. 

 

According to Shahin et al. (2024), artificial intelligence improves efficiency, automation, 

and decision-making in many sectors. Similarly, optimization of demand planning, supply 

chain management, and maintenance prediction driven by artificial intelligence guaran-

tees efficient resource allocation and minimization of disturbance. Better human-ma-

chine interaction supported by speech recognition helps to improve voice-activated 

equipment operation, safety compliance, and automated transcription of logistics docu-

mentation. From fault detection in manufacturing lines to resource allocation, customer 

segmentation, and sentiment analysis for business data-driven decisions in supply chain 

optimization, the classification algorithms support Using drones to lower waste and in-

crease visibility in supply chain operations, help object detection support automation in 

manufacturing and logistics using quality inspection, medical imaging, and environmen-

tal monitoring. Therefore, regression analysis is absolutely indispensable in quality con-

trol, financial analysis, and price optimization for companies to make predictive adjust-

ments in market trends and inventory management. Predictive analytics will also sup-

port supplier performance evaluation, yield prediction, and traffic demand forecasting 

to enable proactive decisions meant to lower risks and improve efficiency in 
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transportation and logistics. The integration of artificial intelligence in the digital supply 

chain offers resilience, agility, and sustainability-building capability through end-to-end 

visibility, real-time monitoring, and predictive insights (see Figure 2). 

 

 

Figure 2. Application of AI  (Shahin et al., 2024)  

 

Across the board, artificial intelligence technologies can increase operational productiv-

ity, lower costs, and even advance environmental sustainability in some sectors. Through 

artificial intelligence-driven systems in manufacturing, smart factories enable auto-

mated production, intelligent scheduling, and predictive maintenance, enhancing oper-

ational efficiency while reducing costs and environmental effects (Gao & Feng, 2023). 

Beyond manufacturing, artificial intelligence has revolutionized logistics and transporta-

tion, streamlining inventory control, ordering processing, and network design. Removing 
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unnecessary transportation and logistics inefficiencies, these developments help to save 

energy and lower emissions while increasing supply chain efficiency (Zhong et al., 2024). 

 

One of the most exciting applications of artificial intelligence to further environmentally 

friendly digital supply chains is predictive maintenance. Organizations can manage enor-

mous volumes of real-time data with artificial intelligence (AI) to enable predictive mod-

eling, which then forecasts, for example, equipment failure events, enabling optimal as-

set use and preventive maintenance. In addition to extending the lifetime of equipment 

and lowering the need for resource-intensive replacements, it lessens the possibility of 

unplanned downtime and the energy and material waste that follow from unneeded, 

emergency replacements. Constantly observing equipment conditions, artificial intelli-

gence systems examine parameters including temperature, pressure, vibration, and en-

ergy consumption. Any deviations from normal running conditions are noted, and a 

quick response is called for. Artificial intelligence-powered monitoring systems find com-

ponent wear and tear in manufacturing, enabling proactive repairs. (Plathottam et al., 

2023). 

 

AI usage in digital supply chains can also help with green manufacturing and environ-

mental sustainability. Direct AI-driven predictive analysis finds the best production 

schedules, logistics, and resources required to reduce waste and the energy necessary 

for every manufacturing process without compromising productivity. Cheaper and more 

efficient solutions go hand-in-hand with the circular economy principles of reducing 

waste and saving resources (Cioffi et al., 2020). AI systems can also validate the environ-

mental performance of supply chain actions to combat greenwashing by analyzing big 

data sets related to energy consumption, CO2 output, and sustainability statements. In-

creasing transparency and credibility, discouraging opportunism (Dauvergne, 2020). 

 

Artificial intelligence can present significant benefits for digital supply chains, particularly 

for improving testing, logistics, and microservices along the networks. Predictive analyt-

ics, for instance, can guide inventory decisions that lower waste and energy consumption; 
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meanwhile, route optimization driven by artificial intelligence can help lower fuel con-

sumption and emissions on the logistics side. These features coincide with the circular 

economy (CE) ideas, facilitating environmental stewardship and sustainable resources. 

By forecasting demand, optimizing Inventory levels, and simplifying transportation paths, 

artificial intelligence also helps companies maximize efficiency and reduce their environ-

mental impact. (Plathottam et al., 2023). 

 

The industrial applications of blockchain and other emerging technologies across various 

sectors have attracted increasing attention from researchers, engineers, and 

practitioners. Blockchain Technology, which features visibility, transparency, 

relationship management, and innovative contracting, contributes positively to circular 

economy practices. Multiple intermediaries and trust or performance issues often 

characterize traditional supply chain activities. The power of blockchain can be used to 

disrupt supply chain workings for enhanced performance, distributed governance, and 

process automation(Chang & Chen, 2020). 

 

 

Figure 3. A theoretical framework for blockchain implementation  (Difrancesco et al., 
2023) 

 

Figure 3 outlines how blockchain’s technical features—transparency, integrity, immuta-

bility, privacy, reliability, and versatility directly enhance key supply chain processes 
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(sourcing, inventory, distribution, retail, customer experience, reverse logistics) to im-

prove performance outcomes like cost efficiency, speed, visibility &transparency quality 

& perceived value, and sustainability. 

 

Blockchain's transparency and immutability of all transactions logged provide extra ad-

vantages, particularly in supply chains. This would help to explicitly trace raw materials 

from source to distribution, encourage ethical procurement, and reduce counterfeit 

products. This guarantees that sensitive corporate data is kept while allowing sharing 

with stakeholders and providing blockchain privacy and dependability. This flexibility 

allows them to integrate IoT and AI in their supply chain operations. Blockchain will 

improve supply chain performance, from sourcing and manufacturing to inventory 

management, distribution, retail, and reverse logistics. Companies can also track real-

time product lifecycles to reduce resource use and unnecessary inefficiencies. 

Blockchain will enable companies to deal with the returns, recycling, and 

remanufacturing in reverse logistics—an essential aspect of a circular economy. Real-

time insight helps organizations reduce waste, recover resources, and optimize inventory. 

(Difrancesco et al., 2023). 

 

From a sustainability perspective, blockchain technology might completely transform the 

supply chain. According to Munir et al. (2022), Blockchain will guarantee suitable trace-

ability, enhance visibility through information sharing, increase transparency for the pro-

cess, and decentralize the whole structure, improving the supply chain's economic sus-

tainability. Moreover, it can also lead to environmental and social sustainability through 

resource efficiency, accountability, smart contracts, trust building, and reducing fraud 

(Friedman & Ormiston, 2021). 

 

Blockchain technology provides great potential for enabling transparency and 

traceability in supply chain activities, thus facilitating the circular economy (Chauhan et 

al., 2022). The ability to immutably and decentralizedly record data allows for precise 

tracking of materials, products, and resources in the supply chain (Payer et al. 2024). On 
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the other hand, automated smart contracts add more value to this technology by 

streamlining various supply chain operations, including payments, logistics, and 

inventory management, thus accelerating adoption while reducing waste. Blockchain 

can also enable stakeholders— suppliers, consumers, and recyclers—to work seamlessly, 

improving coordination among the players engaged in a circular economy project (Cal-

darelli, 2024). Through blockchain implementation in supply chain management, com-

panies can leverage its possibilities to boost transparency, traceability, and process au-

tomation, supporting circular economy goals around the supply chain ecosystem. (Liu et 

al., 2023). 

 

This combination of advanced industry practices and blockchain technology can move 

industries and companies toward achieving the goals of a circular economy. Through the 

combination of technical factors, the recent findings articulate the improvement of intra- 

and inter-links of the supply chain with technical aspects, enlightening blockchain with 

economic, environmental, and social components of its materialization within the folds 

of supply chain sustainability (Upadhyay et al., 2021). Blockchain drives economic 

sustainability by bestowing effective traceability, improved visibility using shared 

information, greater transparency, and decentralization in the process. At the same time, 

it promotes environmental and social sustainability through resource efficiency, 

accountability, trust building, and fraud deterrence, all of which are pivotal elements for 

circular economy practices (Chelh & Ababou, 2023). 

 

Even though many sectors are worried about including the circular economy with sus-

tainability, social responsibility, and financial development, blockchain technology pro-

vides safe, tamper-proof, and permanent data storage options, supporting the funda-

mental ideas of transparency and traceability across digital supply chains. Combining 

blockchain technology with circular economy projects gives businesses tools to increase 

visibility and streamline supply chains while including sustainable practices around the 

value chain. Using efficient accountability systems, companies monitor the materials in 
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use, transit, and upcycling phases and their consumption and responsible usage, ena-

bling the actual circular supply chain (Munir et al., 2022). 

 

These blockchain-based technologies are expected to become the standard in many 

industries, tracing and spreading information related to products. In this respect, the 

more recent review on blockchain applications in the supply chain contains an 

interesting statement: "The discourse regarding sustainability appears rather limited 

compared to other subthemes" (Köhler et al., 2021). This, therefore, implies that the 

application of blockchain in supply chains is an issue that has received much attention in 

academic literature, but using the technology to unlock sustainability gains is an area yet 

to be plowed (Yadav et al., 2023). 

 
The journey towards a circular economy is challenging for organizations that are aware 

of beneficial changes in resource management and synchronization with multiple enti-

ties (Gupta et al., 2018). However, recent advances in digital supply chain technologies 

and Big Data Analytics integration have emerged as transformational enablers of the 

circular economy. This helps companies make ethical, data-driven decisions by embrac-

ing circularity and inspiring cooperation with supply chain individuals. 

 

Big data analytics can help companies moderate the application of circular economy 

strategies, providing excellent social, environmental, and economic results (Giudice et 

al., 2020). The company uses thorough and varied data sets to reveal essential insights 

into resource use, waste minimization, and material flow optimization within the supply 

chain. Predictive analytics, for example, can spot consumption abnormalities and ineffi-

ciencies in materials, allowing proactive actions to maximize resource recovery and 

lower waste. Businesses must link data and supply chain operations to maximize circular 

economy flows by including data-driven insights into running operations and strategies. 

 

Developing a circular economy that drives economic growth calls for cooperation among 

all those involved in the supply chain and open communication about their activities. Big 

data analytics helps digital supply chains operate as a platform for stakeholders to 
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exchange data, jointly commit to sustainability goals, and work on innovation. This kind 

of visibility enhances coordination and helps companies find opportunities for the best 

use of resources and apply solutions that generate value throughout the supply chain. 

This whole approach is critical in the complex practice of circularity and guarantees sus-

tainable development as a data-oriented transition from a linear to a circular economy 

in practical operations (Yuan & Pan, 2023). 

 

Big data analytics in the supply chain helps improve decision-making, increases visibility, 

enhances responsiveness, boosts agility, and allows more flexibility in satisfying demand. 

This is particularly important in a circular economy where many interdependencies be-

tween stakeholders must be smoothly managed regarding information and resources. 

Different studies reveal how big data is used in transportation sector industrial opera-

tions, inspiring sustainable practices and finally underlining the need for inter-organiza-

tional data sharing to reach a circular economy (Estarrona et al., 2021). That can also be 

applied in manufacturing and production enterprises. 

 

In addition to monitoring decision-making, extensive data analytics can trigger the 

creation of business models and innovative solutions that incorporate the principles of 

the circular economy. Big data analytics help organizations discover new and 

economically viable strategies that foster circularity by providing visibility on material 

flows and revealing optimization possibilities (Lee & Mangalaraj, 2022). Advanced 

analytics will further ease the execution of circular economy initiatives by enabling cross-

organizational collaboration while allowing stakeholders to stay aligned on sustainability 

goals in a common data platform. 

 

Use data-driven insights to enable strategic decisions around resource utilization optimi-

zation, waste minimization, and collaborative innovation with organizations. Sustainable, 

resilient operations based on integrating big data analytics and aligning digital supply 

chain capabilities with circular economy principles address significant environmental, 
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social, and economic challenges while generating long-term value for all stakeholders. 

(Dwivedi & Paul, 2022; Hu et al., 2019). 

 

 

Figure 4. Conceptual model (Del Giudice et al., 2020) 

 

The conceptual model in Figure 4 illustrates the relationship between circular economy 

supply chain practices and firm performance, with big data as a moderating factor. The 

model identifies three key components of circular economy supply chain management: 

supply chain management design, supply chain relationship management, and human 

resource management (HRM). The dotted arrow from big data analytics to firm perfor-

mance indicates that its impact is a moderating rather than a direct influence. This 

means that while circular economy practices contribute to firm performance inde-

pendently, their effectiveness is enhanced when big data analytics is integrated into sup-

ply chain operations. However, big data analytics plays a particularly strong role in mod-

erating the impact of circular economy HR management, suggesting data-driven HR 

strategies. Overall, this model highlights the interconnected nature of digital transfor-

mation and circular economy principles.(Del Giudice et al., 2020). 

 
Digital Twin technology is emerging as an innovative tool that can help align digital 

supply chains with circular economy goals; it is a digital counterpart to physical systems 
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or system components. Digital twins facilitate the simulation and optimization of circular 

processes, thus enabling businesses and manufacturing companies to test and refine 

sustainable practices in a virtual environment before their physical-world 

implementation (Thelen et al., 2022; Klar et al., 2023). 

 

A digital twin is a virtual simulation of a product, service, or process used to improve 

supply chain dependability, efficiency, and productivity. Strong in the link between the 

physical and digital worlds, it is related to sensors and a database that continuously gath-

ers data. The optimization of resource use and minimization of waste fosters the 

principles of a circular economy, thereby fostering sustainability. Digital twins, by 

analyzing logistic data and IoT data, help organizations optimize energy use, trace 

materials, and recycle or remanufacture more efficiently. A flexible infrastructure is 

needed for handling large amounts of supply chain data for a closed-loop system that is 

both sustainable and efficient. (Khan et al., 2022). 

 

 

Figure 5. Digital twin in smart SCM (Khan et al., 2022) 

 

Figure 5 illustrates the integration of Digital Twin Technology into Supply Chain Manage-

ment (SCM) and Operations, highlighting the interaction between physical and digital 

processes. It presents a structured model where supply chain components, such as raw 
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materials, inbound logistics, warehousing, manufacturing, distribution, outbound logis-

tics, and consumers, are represented in two layers—physical objects/processes and 

cyber objects/processes and models. Digital Twin Technology allows organizations to op-

timize processes, detect inefficiencies, and improve sustainability performance by mir-

roring the entire supply chain in a virtual environment. It enables simulation-based plan-

ning, predictive maintenance, and scenario analysis, reducing risks and operational costs. 

 

Over the last few decades, the evolution of technology has transformed how businesses 

work, and supply chain management (SCM) is no different. Some of these innovations, 

e.g., digital twins, have been reported to be of utmost attention (Liu et al., 2021; 

Marmolejo-Saucedo, 2020; Zhang et al., 2021; Wang et al., 2020). Digital twins – digital 

representations of physical assets, processes, or systems allow for deep synchronization 

and dynamic interactions between physical and virtual worlds (Wang et al., 2020). Not 

only does this enable planning, management, and optimization of supply chains, but it 

also allows organizations to move toward a circular economy. Digital twins enable 

businesses to pinpoint bottlenecks and optimize resource allocation and eco-friendly 

designs to pave the way for innovation and resilience in supply chain management. 

 

By bridging the physical and virtual systems, digital twins provide an active medium in 

the digital supply chain that enables businesses and sectors to reach circular economy 

objectives. Using digital twin technology to handle supply chains has many advantages 

for management. (Wang et al., 2020) This technology helps operators to grasp their sys-

tems more precisely. By building comprehensive virtual models of supply chains or man-

ufacturing systems, organizations could have real-time insight into material, energy, and 

information flow with digital twins. With less need for physical testing or experimenta-

tion, this all-encompassing perspective helps to find waste sources, pinpoint areas for 

value recovery, and expose inefficiencies. To ensure their feasibility and efficacy, it mod-

els in a virtual environment the environmental, financial, and operational effects of such 

policies (Romero et al., 2018). Digital twins also enable predictive analytics and decision-

making power, enabling businesses to maximize resource use, extend product life spans, 
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and reduce waste generation. Integrating digital twin technology in supply chains lets 

companies optimize operations, collaboration, and innovation of new sustainable 

practices. It makes it possible to run experiments on the digital twin first, where changes 

need to be effected, in order not to cause unplanned downtime or real-world model 

disruption. That is why a higher level of safety, labor protection, environmental safety, 

and economic efficiency can be achieved while designing and operating industrial 

production using an entire technological regime and environmental factor controls using 

the digital twin. (Rozhok et al., 2021). Thus, digital twins are one of the critical enablers 

of circular economy principles; they support industries in the transition from linear to 

closed-loop supply chain models, driving sustainability and long-term value creation 

(Klar et al., 2023). 

 

Moreover, the concept of digital twin technology can help address the complexity that 

generally characterizes modern supply chains involving multiple stakeholders, diverse 

product lifecycles, and dynamic market conditions. Integrating data from different 

sources, such as sensors, enterprise systems, and external data feeds, offers a holistic 

view of the supply chain that helps spot opportunities to increase efficiency, cut waste, 

and improve sustainability (Kamble et al., 2021). 

 

Digital twins are integral to the digital supply chain because they enable businesses and 

manufacturing organizations to drive toward circular economy goals. It has digital 

solutions, allowing companies to create virtual twins of physical systems. Companies can 

then use this digital twin to optimize processes, check sustainability strategies, or deploy 

processes more efficiently. In the context of the manufacturing use case, digital twins to 

monitor the supply chain and production processes, re-evaluate remanufacturing and 

reuse opportunities of a qualitative product or component, and integrate circular 

economy concepts throughout the product life cycle increase the demand forecasting, 

aggregate planning, and inventory planning levels thereby ensuring synchronization and 

optimization of supply chain activities. The provision of digital twin technology in the 

management of the supply chain is also a powerful opportunity for firms and 
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manufacturing companies to increase operational efficiency, better decision-making, 

and better outmaneuver their competitors with deeper insight at the intersection of the 

physical and virtual worlds, dynamic and interacting (Rojek et al.2020; Liu et al.2021). 

These virtual simulations allow manufacturers to plot out how to minimize waste, extend 

a product’s lifespan, and recover its value, all without the cost of physical prototypes or 

trial-and-error models. 

 

Digital twins are also used in the logistics industry to replicate the flow of goods and 

materials across networks. They help to maximize reverse logistics, spot modal shift op-

portunities, and replicate the application of circular economy ideas in complex supply 

chains. (Ali et al., 2023). This allows businesses to evaluate and adopt efficient, 

sustainable logistics practices that support circular economy goals. So, they position 

themselves as strong vehicles across digital supply chains to empower enterprises with 

actionable insights and predictive capabilities. They enable them to make informed 

decisions that reduce waste and foster sustainable practices that drive their circular 

economy ambitions. 

 

According to (Khan et al., 2022), from the manufacturing and distribution centers’ 

perspective, Digital twins can help create 3D models of warehouses or distribution 

centers and all static or dynamic objects inside the facilities. Such a feature may be 

helpful, for example, in planning positions of inventories, defining quantities of products 

to be stored, and determining optimum routes for forklifts. Digital twins could 

significantly help build facilities according to products and operational requirements. 

Comprehensive data united within a digital twin can be key to optimizing employees' 

work. The Digital Twinning framework platform aims to address the significant 

challenges of the manufacturing industry supply chain distribution center, which can be 

summarized in Figure 6.  

 



41 

 

Figure 6 Digital twin in the supply chain (Khan et al., 2022) 

 

The figure shows a digital twin (DT)-driven ice cream supply chain, integrating IoT and 

analytics to optimize sustainability and efficiency. From ingredient procurement to cus-

tomer delivery, the DT monitors real-time data (e.g., storage conditions and machinery 

health) and simulates processes like warehouse capacity planning, production quality 

control, and cold-chain logistics. Predictive analytics preempt issues (e.g., equipment 

failures, spoilage), while route optimization minimizes delays and energy use. The DT 

enhances decision-making via KPIs (on-time delivery, cost efficiency) and reduces waste 

through dynamic adjustments, transforming traditional workflows into agile, eco-

friendly systems. 

 

The benefits of a digital twin-driven supply chain are massive. The digital twin will 

capture insights, operational and financial information, system configurations, device 

statuses, order statuses, and production orders, enabling the firm to anticipate 

upcoming operations and potential disruptions (Marmolejo-Saucedo, 2020). This will 

thus allow supply chain managers to make better decisions through process and 

workflow optimization, hence improving the resilience level of the overall supply chain. 

The supply chain will then be better prepared to withstand and recover from any 
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unforeseen challenges or disruptions (Wang et al., 2020; Marmolejo-Saucedo, 2020; 

Zhang et al., 2021). 

 

In data collection, digital twins with advanced technologies like IoT and artificial intelli-

gence are included, which are critical in digital supply chains to support circular economy 

projects. These are essential to maximizing circular processes; these technologies enable 

real-time data collecting, predictive maintenance, and autonomous decision-making. 

The function of digital twins in facilitating the global shift to a circular economy will only 

become more important as that change accelerates. Working hand-in-hand, they allow 

businesses to create digital supply chains aligned with sustainability objectives, fostering 

innovation and more robust, sustainable economic models. Organizations can combine 

digital twins and advanced technologies to develop integrated data-driven solutions to 

execute circular economy initiatives. As an example, the collaborative integration of dig-

ital twins, enabled by AI-powered analytics, offers further insights into material flows, 

helping to identify chances for waste reduction and resource recovery, leading to the 

formation of dynamic, self-optimizing supply chain systems capable of adjusting to 

changing market conditions and sustainability targets (Chauhan et al., 2022; Khan et al., 

2022). 

 

Additive Manufacturing is a transformative technology process by which three-

dimensional objects are created by the successive addition of material based on digital 

models. It has seen a fantastic increase in interest and uptake in the past few years. The 

technology is hailed for its potential to improve resource efficiency and sustainability as 

one part of the digital supply chain linked to the circular economy. (Despeisse & Ford, 

2015) (Rejeski et al., 2017) 

 

In addition, applying additive manufacturing in the supply chain can minimize inventory 

levels and optimize spare parts management. They can also be printed when needed, 

reducing the necessity of maintaining a vast inventory of spare parts. More than one 

supplier comes to a supply chain, which reduces cost and, hence, supports the supply 
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chain efficiency. Additive manufacturing has advantages over traditional forms of 

production, such as the ability to create complex geometries, shortened lead times, and 

product customization (Rejeski et al., 2017). These characteristics could be essential for 

the flow of supply chains and the company's structure. One of additive manufacturing's 

main advantages is simplifying and shortening supply chains. By enabling local and de-

mand-based manufacturing and more flexible and responsive supply chains, additive 

manufacturing helps to lessen the need for long-distance shipping and centralized fac-

tories. (Corsini et al. 2020). 

 

Additive manufacturing shortens supply chains but also changes the nature of 

interactions between different players in the supply chain. This has been particularly the 

case in the humanitarian sector, where additive manufacturing has been instrumental in 

developing new supply chain models, highlighting challenges and complexities 

associated with introducing this technology into existing structures (Corsini et al., 2020). 

It has the potential to disrupt traditional distribution systems and open new 

opportunities for collaboration and innovation. 

 

A simulation study by Rinaldi et al. (2021) highlights that additive manufacturing can 

affect the supply chain's performance, depending on the system setup and integration 

of additive and traditional technologies. These results show that adopting additive 

manufacturing in supply chains depends upon the production capacity and lead times 

involved, as well as how the different manufacturing methods are integrated. 

 

Additive in nature, the manufacturing process is naturally less wasteful than conven-

tional subtractive manufacturing techniques. Along with saving material inputs, this 

helps the environment by lessening the effects of disposal and extraction. By allowing 

on-demand production of customizable goods, additive manufacturing also helps with 

resource efficiency by reducing the risks of oversupply and product obsolescence 

(Despeisse & Ford, 2015). In additive manufacturing, one of the advantages is that it 

utilizes the best materials. According to Liu et al. (2023) and Agrawal et al. (2023), it 
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ensures that raw resources are only used where needed, saving zero waste during man-

ufacture and up to 90% as it forms things layer by layer. Machining and other conven-

tional subtractive operations produce a lot of scrap material that can be challenging to 

recycle or use. Design-wise, AM removes this waste. 

 

The other significant advantage of AM is that it supports the efficient extension of 

product life through effective repair and maintenance. The ability of AM to produce 

tailored replacement parts decreases the need for complete product replacement. This 

becomes very important in the aerospace and automotive industries, where the 

availability of replacement components at the right time can result in a big difference in 

resource efficiency (Hettiarachchi et al., 2022; Liu et al., 2023). AM could also be 

integrated with digital supply chains to enable on-demand production, reducing 

dependency on traditional inventory systems. Digital technologies allow supply chains 

to respond dynamically to the need for maintenance by ensuring that replacement parts 

are produced and delivered precisely at a time of need. This symbiosis supports 

remanufacturing and refurbishing practices according to CE principles to keep products 

and materials in use for as long as possible. 

 

The same goes for additive manufacturing in the digital supply chain. It can create more 

flexibility by providing responsive digital designs to a supply chain when employed as an 

additive manufacturing strategy. It can reduce the environmental costs that traditional 

supply chain activities incur (Despeisse & Ford, 2015). The potential of additive 

manufacturing is, in any way, the ability to rapidly prototype, test, and manufacture parts 

with high-end material properties and functionality. 

 

Since AM is distributed, localized production is possible, lessening the environmental 

impact of logistics and transportation. AM removes the inefficiencies of overproduction 

and too high inventory storage by allowing on-demand manufacture (Dwivedi & Paul, 

2022; Marmolejo-Saucedo & Hartmann, 2020). Reducing greenhouse gas emissions and 

energy consumption across supply chains depends mainly on this capacity. Customizing 
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is another benefit of localized production since it lets manufacturers create parts that fit 

particular consumer needs instead of mass production. 

 

The concept of "Cloud Computing" has one of the most significant meanings in supply 

chain management in the era of computers. Embedding cloud computing into the digital 

supply chain has many advantages when businesses want to continue maintaining the 

circular economy. Cloud computing allows everyone in the supply chain to collaborate 

efficiently. Hence, it becomes easier to have information flow and activities coordinated 

well. (Andronie & Ionescu, 2021).  

 

According to (Sundarakani et al., 2019), Cloud computing increases the efficiency of a 

supply chain because it enables real-time data exchange, automation, and scalability 

between suppliers, manufacturers, and distributors. For example, the hybrid SaaS model 

combines public and private cloud environments to ease licensing, security, workflow 

automation, and data backup. This improves collaboration, resilience, and cybersecurity 

in supply chains. Further, cloud computing supports the circular economy through 

resource-use optimization, reduction in waste, and enabling reverse logistics. They allow 

tracking products in the cloud, facilitating recycling, and improving lifecycle assessment 

to drive sustainability. Create a more agile, transparent, and circular supply chain 

ecosystem with cloud analytics and automation in the organization. 

 

Figure 7 below illustrates the role of a cloud computing environment in connecting key 

elements of the supply chain—suppliers, manufacturers, warehouses/distributors, 

retailers, and customers. Through centralized cloud integration, information is 

seamlessly shared across all parties, enhancing collaboration, real-time visibility, and 

decision-making within the supply chain network. 
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Figure 7 Cloud in supply chain network environment (Sundarakani et al., 2019) 

 

Cloud computing has changed digital supply chains by offering flexibility and on-demand 

access to resources, including storage, computing power, and resources, while making it 

easier for stakeholders to collaborate and share data. This technology enhances 

openness and information sharing, leading to better decisions and the use of resources 

throughout the supply chain. This is important in achieving goals within the circular 

economy. Cloud computing has revolutionized how businesses handle and share data, 

connecting all stakeholders in real time. Thus, decisions can be very well-informed, quick, 

and practical to support the larger goals of Industry 4.0 and sustainable supply chain 

practices (Dwivedi & Paul, 2022; Hettiarachchi et al., 2022; Liu et al., 202). 

 

Cloud computing is increasingly important in a circular economy since applying sustain-

ability practices through strong messaging and data-sharing over the whole supply chain 

is necessary. Given the fast-evolving digital environment, one of the most important 

strategies any company can use to maintain a circular economy is to include cloud com-

puting in the supply chain. For an organization to realize the environmental, social, and 

economic benefits of a circular economy, it has to manage and share data efficiently and 

also be able to collaborate effectively with its partners. (Giudice et al., 2020). The most 
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crucial thing cloud computing has done is allow everyone within the supply chain 

network to share data in real time. In doing so, this feature erases information silos and 

thus ensures that parties involved, including manufacturers and retailers, have the 

correct and appropriate information at their fingertips (Dwivedi & Paul, 2022). For 

instance, cloud platforms make traceability of the different life cycle stages of a product, 

like design, production, distribution, and possible recycling, which aligns very well with 

CE principles (Marmolejo-Saucedo & Hartmann, 2020). 

 

Moreover, cloud computing offers centralized and safe data storage and management, 

supporting data-informed decision-making in the digital supply network. Cloud compu-

ting lets companies readily access and examine real-time data. Imagine having access to 

all that data; it helps one react to supply chain or market changes and make wise deci-

sions. Such adaptability is needed by managers and investors, and data security and 

cloud computing could meet both needs. (Liu et al., 2023). This repository facilitates the 

cooperation of many groups toward sustainability goals, the best use of resources, and 

the reduction of waste (Hettiarachchi et al., 2022). 

 

Furthermore, by providing a centralized platform for data storage and management, the 

infrastructure of cloud-based services is significantly improving digital supply chains. In 

a circular economy, it is essential infrastructure for adequately tracking and controlling 

resource flows. Using real-time data access made possible by integrating cloud compu-

ting in digital supply chains, informed decision-making can be facilitated, lowering waste 

and optimizing resource allocation. Such openness, cooperation, and agility in data shar-

ing along the supply chain in real-time guarantee that resources are used more effec-

tively, and circular economy concepts are aligned (Giudice et al., 2020). 

 

Transparency is indispensable for successfully implementing the circular economy in 

digital supply chains. This can be achieved through cloud computing, which ensures 

supply chain traceability. It allows for keeping a clear and accessible record of the flow 

of resources, origin of materials, and production processes, thus making it easier for all 
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stakeholders to trace and authenticate each step of the supply chain. Such transparency 

helps to support better and more intelligent choices. It ensures that businesses follow 

sustainable methods, strengthening responsibility. Furthermore, it increases consumer 

confidence in the knowledge that a company is dedicated to moral and environmentally 

friendly operations, which becomes more crucial in the market today. (Agrawal et al., 

2023). 

 

Cloud computing systems use advanced data analysis tools to handle large amounts of 

information. This helps supply chain managers spot trends, fix problems, and find ways 

to use resources better. They can reduce waste and improve sustainability by predicting 

demand changes and matching production to what is needed, which helps avoid making 

too much. Cloud computing helps promote recycling and remanufacturing by providing 

helpful information about materials and products used. It highlights which parts can be 

reused or recycled, keeping materials in use for as long as possible. As digital supply 

chains become more complex worldwide, cloud computing and big data management 

have become very important. This helps organizations perform better financially and 

supports a sustainable future economy. (Dwivedi & Paul, 2022; Hettiarachchi et al., 2022; 

Khan et al., 2002). 
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2.6 Digital SCM & Circular Economy Framework  

There is growing awareness that integrating Supply Chain Management (SCM) with 

Circular Economy (CE) principles plays an essential role in offering sustainability to 

modern supply chains. Thus, adopting digital technologies under Industry 4.0 and more 

recent paradigms such as Industry 5.0 plays a key role in enabling this shift by simplifying 

it to ensure transparency, efficiency, and adaptability. These are essential institutions 

related to sustainability, encompassing environmental, economic, and social dimensions. 

 

The CE model from linear "take-make-dispose" to a circular system meant to lower waste 

and generate value in both waste and resource use, the CE model fundamentally changes. 

Digital SCM uses CE concepts to implement closed-loop systems whereby materials and 

goods are kept through constant reuse, repair, or recycling. It supports corporate prac-

tices, lowering environmental impact and improving economic well-being, as well as a 

regenerative resource management model (Sonar et al., 2022). By better monitoring, 

data analysis, and resource optimization, the digital SCM uses contemporary technolo-

gies for higher sustainability. Technologies, including the Internet of Things (IoT), big data 

analytics, and digital twins, that let businesses constantly monitor their supply chains 

and minimize inefficiencies that might lead to resource waste, support real-time tracking. 

By allowing data-driven decision-making processes that lower waste, energy consump-

tion, and expenses and supporting CE principles, these technologies help to underlie 

sustainable practices. (Kazancoglu et al., 2023) . 

 

Sustainable supply chain management's circular economy (CE) ideas center on the de-

sign of the product and process, circular inputs, and reverse logistics—that is, material 

collecting and reuse at the end of their life cycle. Supporting CE goals depends on col-

lecting, managing, and directing materials for reuse or recycling; digital tracking allows 

this process using reverse logistics and traceability. Moreover, CE encourages the ac-

ceptance of the "10R" ideas (reduce, reuse, recycle, recover, repair, refurbish and reman-

ufacture, refuse, rethink, and repurpose) to enable ideal resource use with minimal im-

pact on the environment (Santiago et al., 2023). 
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Digital technologies that can help SCM integration with CE provide two pathways to 

sustainable supply chains through the demand and supply sides. This method also 

supports the environmental goals of an increasingly recognized industry 5.0 objective: 

establishing human-centered, environmentally sustainable systems that are also 

economically feasible. Thus, the proposition of sustainability dominance logic, when 

seen in conjunction with digital SSCM and CE, can help organizations meet key 

sustainable development challenges while adding necessary resilience to supply chains 

and delivery networks (Yadav et al., 2020). 

 

One can achieve resource efficiency and lifeway sustainability by integrating sustainable 

digital supply chain management (SCM) with circular economy (CE) strategies. This inte-

gration uses digital technologies (DTs), including artificial intelligence, blockchain, and 

the Internet of Things (IoT), which leverage their transforming power. According to (Ru-

sch et al., 2023), these DTs play a crucial role as enablers in reshaping supply chain op-

erations to align with circularity principles. They achieve this by supporting real-time 

monitoring, increasing openness, and streamlining decision-making processes. 
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Figure 8 Digital SCM & CE framework (Author’s work) 

 

Figure 8 illustrates the Digital SCM & Circular Economy (CE) Framework, which shows 

how emerging digital technologies—such as IoT, AI, blockchain, big data analytics, digital 

twins, additive manufacturing, and cloud computing—support supply chain collabora-

tion and integration. These efforts lead to improved CE performance through digital sup-

ply chain management. The framework emphasizes four key outcomes: circular product 

design, lifecycle management, operational efficiency, and resource efficiency, aligning 

digital transformation with circular economy goals. 

 

The Digital SCM & CE Framework is developed based on many theoretical data and re-

source papers. It showcases how various emerging technologies, namely IoT, AI, Block-

chain, Big Data, Digital Twins, Additive Manufacturing, and Cloud computing, improve 

collaboration and virtualization in SCM. Real-time monitoring, data-driven decisions, 
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predictive analytics, and open operations enabled by these technologies help connect 

and streamline a supply chain using data. 

 

Optimized resource management and seamless operations are ensured by supply chain 

integration, while stakeholders' coordination is enhanced through supply chain collabo-

ration. A circular perspective for tracking the lifecycle of materials, sustainable opera-

tions, and optimized material flow is all established by digital SCM, which connects CE 

capabilities with digital transformation. As a result, organizations achieve critical circular 

economy objectives, such as improved operational efficiency, lifecycle management, cir-

cular product design, and resource efficiency. In conclusion, Digital Supply Chain Man-

agement (SCM) catalyzes sustainability, guaranteeing that the supply chain is more envi-

ronmentally responsible, resilient, and intelligent, thereby achieving the objectives of 

the circular economy. 

 

This shift to a CE is accompanied by a structural design change of the product to be 

more modulated, repairable, and recyclable, principles that reduce waste and optimize 

resource use (Ellen MacArthur Foundation, 2019). However, the practical application of 

these ideas depends on integrating digital supply chain technologies, which offer the 

required tools, infrastructure, and data-driven insights to match product development 

with circular economy objectives. 

 

While Designing of a circular product, digital supply chain solutions become particularly 

beneficial since they enable better-informed decisions due to the availability of better 

data that can be used in product development. They also help the smooth sharing of 

data in real-time from all levels of the supply chain, becoming especially useful. Another 

example would be using generative AI that lets designers worldwide create new product 

designs targeted at sustainability by experimenting with alternative shapes, materials, 

and structures that boost product usage, thereby minimizing environmental conse-

quences (Akhtar et al., 2024). These AI-driven simulations ensure product functionality 

while optimizing material use, reducing waste, and supporting circularity. 
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Besides this, big data-driven predictive analytics is essential for ensuring that materials 

used in product design are recyclable, sustainable, and durable. Digital supply chains can 

use product life cycle data, historical material performance data, and sustainability plans 

to proactively direct material selection toward long-term sustainability goals (Bocken et 

al., 2016). This loop optimizes circular product design repeatedly, ensuring that each 

product cycle advances circular economy principles. 

 

Design for Disassembly (DfD), a foundational component of circular product design in 

digital supply chains, ensures that end-of-life (EOL) products can be easily disassembled, 

promoting material recovery and minimizing its environmental effects (Chauhan et al., 

2022). Simulation tools/digital twins generate virtual prototypes for disassembly, 

thereby assisting manufacturers in designing products with optimal disassembly 

capabilities and reintegration into the supply channel (Tao et al., 2019). 

 

Additionally, using IoT-enabled sensors also improves the effectiveness of DfD in digital 

supply chains because they enable constant monitoring of in-use data, wear behavior, 

and lifecycle performance. Such real-time insights allow for predictive maintenance, thus 

extending product lifespan and ensuring that components can be refurbished, 

repurposed, or recycled relatively easily (Ghobakhloo, 2020). Big data analytics further 

enhances reverse logistics optimization by simplifying the collection, refurbishment, and 

redistribution of products and materials, a critical element of circular supply chains 

(Rajput & Singh, 2019). 

 

The role of collaborative digital platforms then adds another layer of relevance to the 

need for circular product design within the capabilities of digital supply chains (Zekhnini 

et al., 2021) since it enables real-time cooperation and collaboration to execute on all 

levels with designers, manufacturers, suppliers, and consumers. These platforms would 

allow stakeholders to share lifecycle assessment (LCA) data, optimize material choices, 

and co-develop sustainable products in line with market needs and regulatory 

requirements. 
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Furthermore, AI-powered supply chain platforms enable cross-functional decision-

making to ensure that circular design principles are integrated into every product 

lifecycle stage. Integrating cloud-based digital ecosystems has the potential to speed up 

circular product innovation, improve supply chain agility, and enable a seamless 

transition to sustainable production models for the organization (Chen et al., 2023). One 

of the main challenges of circular supply chains is ethically sourcing components and 

materials for a circular product design, using them effectively, and returning them 

responsibly. Blockchain technology solves this problem by improving traceability and 

accountability and providing visibility of materials throughout their lifecycle, from 

sourcing to end-of-life recoveries (Saberi et al., 2019). 

 

Using decentralized ledgers, blockchain allows safe tracking of parts and materials on its 

own so that all regulations of the circular economy can be met. Smart contracts and 

digital product passports enhance supply chain transparency, empowering 

manufacturers, suppliers, and consumers with up-to-date information on material 

origins, recyclability, and sustainability performance (Zhao et al., 2022). This real-time 

verification process assists businesses in making data-driven decisions that can lead to 

optimized material usage, ethical sourcing, and streamlined reverse logistics operations. 

 

A key aspect of this is industrial lifecycle management, which allows products to be 

made, used, and disposed of sustainably throughout modern supply chains. Digital 

supply chain tools, such as digital twins, change the game with the virtual replica of 

physical assets. These tools simplify life cycle thinking, allowing organizations to evaluate 

impacts through scenario modeling and offering insights into product design and 

resource use improvements (Kurniawan et al., 2022). Digital twins, for example, enable 

companies to simulate a product's entire life cycle, from the extraction phase to end-of-

life disposal, leading to finding opportunities to reduce waste material and increase the 

recyclability of the products (Tao et al., 2019). Blockchain enhances these efforts through 

its traceability potential, which allows for recording every stage of a product’s lifecycle, 

focusing specifically on environmental compliance and transparency (Caldarelli, 2024). 
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These decentralized and immutable ledger technology guarantees products comply with 

sustainability standards, ethical sourcing laws, and end-of-life recycling mandates. By 

combining blockchain with radio-frequency identification (RFID) and Internet of Things 

(IoT) sensors, companies can generate automated compliance reports, improve material 

traceability, and enhance accountability for extended producer responsibility (EPR) 

schemes (Saberi et al., 2019). 

 

Employing IoT-enabled predictive maintenance, which lets companies extend product 

lifetime, is another vital component of lifecycle management in digital supply chains. IoT 

sensors send real-time data to manufacturers for proactive maintenance scheduling 

(Governindan et al., 2024), continuously monitoring product performance, wear pat-

terns, and environmental conditions. This method maximizes replacement cycles and 

lowers the need for regular raw material extraction by preventing early product failure. 

Furthermore, greatly enhancing product dependability and sustainability, predictive 

maintenance driven by machine learning finds possible performance problems before 

they arise. 

 

Big data analytics and artificial intelligence (AI) provide deep insights into consumer be-

havior patterns, material efficiency, and product performance, consequently improving 

lifecycle management. These digital technologies analyze vast amounts of lifecycle data 

to help businesses redefine product designs for durability, reparability, and recyclability 

(Lopes de Sousa Jabbour et al., 2020). Artificial intelligence-based product lifecycle anal-

ysis can identify inefficiencies in production, consumption, and end-of-life to enable 

firms to redesign material content, enhance end-of-life practice, and enhance remanu-

facturing (Bocken et al., 2016). Furthermore, AI-powered predictive analytics enhances 

reverse logistics and closed-loop supply chain operations. AI systems can optimize refur-

bishment processes by analyzing product return history and material recovery levels 

(Rajput & Singh, 2019). These features reduce the environmental impact and increase 

supply chain resilience by preventing the utilization of virgin resources. 
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Through the harmonization of collaborative cloud-based platforms, life cycle manage-

ment processes remain interconnected among all supply chain members. Cooperative 

platforms allow for real-time data sharing among complex players such as designers, 

manufacturers, suppliers, retailers, and customers in parallel and allow effortless infor-

mation sharing and harmonization of sustainability initiatives (Zekhnini et al., 2021). To 

ensure that products are made to be reused, remanufactured, and recycled from the 

start, companies can align their lifecycle strategies with the principles of the circular 

economy through cloud-based collaboration. 

 

Cloud computing further improves material flow efficiency, enabling companies to mon-

itor product lifecycles in real time, manage stock automatically, and improve reverse lo-

gistics processes. With these online platforms, companies can quickly meet environmen-

tal regulations and implement global guidelines for sustainability reporting and circular 

economy models (Geissdoerfer et al., 2017). 

 

Improving resource efficiency is a key principle of the circular economy—where waste 

is lowered, environmental impact is minimized, and materials are used to their best—is 

resource efficiency, where waste is minimized. Through real-time monitoring, predictive 

analytics, and innovative automation solutions that simplify material flows and 

production processes, digital supply chains are essential for increasing resource 

efficiency. Big data analytics, blockchain, IoT-enabled sensors, and AI-based decision-

making help companies improve operational efficiency, cut resource waste, and support 

circular economy ideas (Ching et al., 2022). 

 

The Internet of Things (IoT) transforms resource management by using real-time 

material movement, manufacturing efficiency, and energy use. IoT-empowered sensors 

on supply chains and manufacturing equipment offer continuous data on resource 

consumption, which helps businesses find inefficiencies and maximize material use 

(Friedman & Ormiston, 2022). IoT-empowered intelligent manufacturing systems, for 
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example, change production levels depending on real-time demand fluctuations, thus 

minimizing surplus resource use and energy consumption (Ghadimi et al., 2020). 

 

Moreover, predictive maintenance enabled through IoT optimizes operational efficiency 

and reduces material waste as it anticipates large-scale equipment failures and helps 

avoid unplanned downtimes (Tiwari et al., 2021). Leveraging IoT with digital twins can 

help companies simulate production processes and trial strategies for resource efficiency 

in virtual environments before execution in physical operations, optimizing material use 

(Tao et al., 2019). 

 

Resource efficiency, improved demand forecasting, production planning, and improved 

inventory management are some of the fundamental sectors that require big data 

analytics. AI-driven predictive models enable businesses to adjust their production 

schedules dynamically based on historical consumption patterns and real-time supply 

chain data, thus avoiding overproduction and the consequent accumulation of excess 

inventories (Ching et al., 2022). Such data-driven optimization minimizes wastage to a 

large extent, as it facets the supply chain, ensuring efficiency in using materials and 

energy (Lopes de Sousa Jabbour et al., 2020). 

 

Big data analytics also ease resource planning strategy by identifying inefficiencies in 

supply chain processes, such that manufacturers can change production planning and 

material procurement depending on current levels of supply and demand (Friedman & 

Ormiston, 2022). The AI-based systems also improve remanufacturing and recycling ac-

tivities to reclaim, rework, and reuse materials within production cycles rather than dis-

posing of them (Bocken et al., 2016). 

 

Blockchain technology guarantees end-to-end traceability, transparency, and compli-

ance with sustainability goals, strengthening resource efficiency in digital supply chains. 

Blockchain records' immutable and distributed character helps companies track raw ma-

terials, check their sustainability credentials, and guarantee responsible sourcing 
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(Caldarelli, 2024). Blockchain-enabled smart contracts let businesses track resources au-

tomatically, check supply chain sustainability, and improve material flow responsibility 

(Saberi et al., 2019). By ensuring that recycled and reclaimed materials are effectively 

reintegrated into manufacturing cycles, this traceability characteristic supports circular 

economy goals and helps material recovery efforts (Zhao et al., 2022). In addition, de-

centralized ledgers, with the aid of blockchain, enable various stakeholders to collabo-

rate, and suppliers, manufacturers, and consumers can obtain proper information re-

garding the origin of the material, prior utilization, and recycling routes. Real-time visi-

bility of resources assists companies in simplifying material flow so that waste is reduced, 

and resource efficiency is enhanced (Geissdofer et al., 2017). 

 

Stakeholders in supply chains must work together to maximize resource efficiency and 

reduce waste. Cloud-based collaboration systems enable manufacturers, suppliers, and 

logistics partners to schedule production, coordinate utilization of resources data, and 

match sustainability strategies (Zekhnini et al., 2021). Closed-loop material management 

systems enable businesses to use secondary raw materials in manufacturing and recycle 

excess materials and byproducts (Rajput & Singh, 2019). Digital collaboration tools allow 

seamless communication and data sharing, promoting circular resource flows and ex-

tending material use before being recovered and reused (Chen et al., 2023). This net-

worked approach promotes resource efficiency across industries and supply chains, 

strengthening the circular economy model. 

 

A modern supply chain should have Operational efficiency to be sustainable and com-

petitive. For the circular economy (CE), it is easier with digital technologies to compre-

hend what's happening within the supply chain, decide, monitor it in real-time, and 

make the best use of the given resources. This means that operations are done efficiently 

to create the least possible amount of waste, emit the fewest pollutants, and be as pro-

ductive as possible (Dolgui & Ivanov, 2022). When making firms efficient and according 

to the philosophy of the circular economy, they can employ IoT, blockchain, AI-driven 

analytics, and cloud computing. 
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The Internet of Things (IoT) plays a significant role in ensuring efficiency in supply chain 

operations by tracking goods, drivers, and warehouse inventory in real-time. The 

application of IoT-enabled RFID tags and GPS tracking technologies provides companies 

with timely feedback regarding their products' locations, which cuts down transit time, 

makes it easier to run supply chains, and allows the unrestricted movement of goods 

(Broccardo et al., 2022). 

 

The Internet of Things (IoT) and blockchain technology offer real-time, accurate, secure, 

and transparent tracking data. Blockchain decentralized ledgers allow companies to 

know where products originate, monitor their inventory better, and monitor transport 

conditions, which enhances operational performance and minimizes the environmental 

footprint (Saberi et al., 2019). IoT and blockchain, hand in hand, strengthen the 

effectiveness of recycling and product recovery, thereby making reverse logistics more 

robust. This ensures that materials are recovered and recycled within the supply chain 

(Zhao et al., 2022). 

 

Operational sustainability mostly depends on transportation efficiency, influencing 

emissions, fuel consumption, and delivery time. Using historical logistics data, weather 

forecasts, and traffic, machine learning algorithms and AI-based predictive analytics 

examine transportation routes to optimize them, thereby considerably decreasing fuel 

consumption, operational costs, and CO2 emissions (Dolgui & Ivanov, 2022). Demand 

forecasting driven by artificial intelligence also helps avoid needless transportation so 

that supply meets demand without needless resource use. With AI-powered fleet 

management systems, Companies can lower idle vehicle use, lower emissions, and 

increase logistics efficiency, helping to support circular economy targets (Tiwari et al., 

2021). 

 

Through cloud computing and digital twins (real-time digital copies of storage facilities), 

companies can optimize the warehouse layout, automate inventory management, and 

accelerate order fulfillment (Tao et al. 2019). This kind of virtual modeling can help 
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exercise operational efficiency for better resource allocation, reducing production and 

storage costs (Ghadimi et al., 2020). A key way to boost efficiency and eliminate waste is 

by enabling effective communication and collaboration between all aspects of the supply 

chain. Cloud-based digital platforms enable seamless data sharing by manufacturers, 

suppliers, distributors, and retailers to ensure quick decisions, shorter lead times, and 

better operational coordination (Ching et al., 2022). These platforms improve supplier 

transparency, production schedules, and distribution schedules, all of which help ensure 

supply chain activities align with sustainability goals. Real-time data-sharing integration 

allows organizations to respond rapidly to market changes, reduce waste and energy 

consumption, and enhance operational efficiency (Geissdoerfer et al., 2017). 
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3 Methodology  

This chapter identifies the methodological framework to study how circular economy 

(CE) strategies are adopted through digital supply chain strategies, emphasizing the role 

of emerging technologies in promoting sustainability. The qualitative research design 

uses thematic content analysis of corporate sustainability and annual and financial re-

ports. This perspective is employed to reflect the complexity of the digital supply chain 

transformation and to detect how it contributes to alignment with CE principles while 

providing rich contextual data on organizational practices, challenges, and innovations. 

 

3.1 Research approach and design  

In the context of this research, the study primarily applies qualitative content analysis, 

which, according to Krippendorff (2018), is an analytical method that examines textual 

data systematically and objectively to identify consistent topics and themes. This ap-

proach is rooted in the interpretivist and constructivist paradigms (Guba & Lincoln, 1989; 

Denzin & Lincoln, 2018). It shows that knowledge is co-constructed through subjective 

interpretations of organizational practices.  This makes it a great way to look into how 

companies use digital technologies to help them reach their sustainability and circular 

economy (CE) goals. Qualitative content analysis is perfect for this study because it lets 

us look closely at corporate sustainability reports, which are full of stories about strate-

gies, problems, and new ideas. Qualitative content analysis, on the other hand, focuses 

on the depth of the text, which fits with the study's goal to figure out the hidden and 

apparent themes in corporate disclosures (Mayring, 2014; Neuendorf, 2017). 

 

This study draws on an inductive approach in its analysis, whereby themes emerge or-

ganically from the data rather than being imposed through preconceived ideas (Patton, 

2015; Charmaz, 2006). Such flexibility is critical given the emerging theories and chang-

ing industry practices surrounding digital supply chains and circular economy (CE) frame-

works (Seuring & Müller, 2008). Creswell and Poth (2018) stated that inductive methods 

enable researchers to adjust as new information arises — for example, how blockchain 
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increases traceability or how AI also helps reduce waste — instead of being constrained 

by set models. 

 

There are three main reasons why qualitative content analysis is crucial in this research. 

As such, it provides both a systematic and adaptable approach to analyzing complex text-

based data, such as sustainability reports. There is no shortage of reports conflating tech-

nical aspects of digital tools (IoT, twins, etc.) and wide-sweeping statements about goals 

for sustainability (Bryman, 2016). 

 

This approach allows researchers to explore deeper meanings and uncover hidden mes-

sages that might go unnoticed if they were examining numerical data alone (Kohlbacher, 

2006). A quantitative study, for example, might count the number of times “blockchain” 

is mentioned. Still, qualitative content analysis can reveal how companies describe the 

role of blockchain in their circular economy efforts, such as improving the tracking of 

materials or incentivizing collaboration. Third, this method employs systematic coding 

to allow room for readers to judge the thoroughness and transparency of the research 

process, which is particularly relevant to the analysis of corporate reports (Elo & Kyngäs, 

2008). 

 

With a strict emphasis on qualitative content analysis, this study privileges depth rather 

than breadth, allowing for a thorough investigation into how multinational corporations 

(e.g., Danfoss, ABB, Schneider Electric) communicate their digital and CE strategies. This 

is consistent with Neuendorf’s (2017) explanation that content analysis closes the gap 

between qualitative richness and methodological rigor, making it particularly suited to 

eyes set on trends in developing fields such as sustainable supply chain management. In 

addition, it addresses the need for contextual specificity in sustainability research, as 

highlighted by Mayring (2014), by situating findings within each company's unique op-

erational, regulatory, and cultural environments. 
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3.2 Justification for a qualitative approach  

The study uses qualitative thematic content analysis, which is appropriate to analyze 

how enabling technologies of the digital supply chain (i.e., IoT, blockchain, AI, big data 

analytics, digital twin, additive manufacturing, and cloud computing) contribute to cir-

cular economy objectives. Qualitative methods are adaptable and flexible and thus well-

suited for emerging and dynamic trends in business as industry practices, policies, and 

strategies evolve continuously (Silverman, 2020). 

 

Furthermore, qualitative research is context-specific, providing a unique approach to in-

vestigating organizational structures, operational models, and sustainability commit-

ments related to digital supply chains (Denzin & Lincoln, 2018). Implementing a circular 

economy is often a complex process associated with a change in the organization’s cul-

ture, as well as the need for cooperation between multiple stakeholders and the inte-

gration of particular technologies. Therefore, qualitative research becomes the most 

suitable approach to exploring these elements (Saunders, Lewis, & Thornhill, 2019). 

 

Since this study covers multiple fields, namely digital supply chains, circular economy, 

and emerging technologies, rather than testing fixed ideas, the study allows key themes 

to be generated from the data naturally (Stebbins, 2001; Patton, 2015). This research is 

guided by the interpretivist and constructivist perspectives, which consider the various 

perspectives of knowledge and how it is constructed through experiences (Bryman, 2016; 

Denzin & Lincoln, 2011). It assesses how multiple stakeholders—businesses, policymak-

ers, and industry specialists—approach digitalization and sustainability in supply chain 

management. 
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3.3 Data Collection 

This study implements a rigorous multi-source qualitative data collection methodology, 

primarily collected from corporate sustainability reports, annual reports, and financial 

reports, to investigate integrating digital technologies in the supply chain to achieve cir-

cular economy (CE) strategies. The dataset consists of sustainability reports from 18 

companies; 10 represent multinational corporations (MNCs) across various sectors—in-

dustrial automation, logistics, energy, pulp and paper, and smart manufacturing. Out of 

them, 12 are local companies (of Finnish origin). These companies were selected follow-

ing a purposive sampling strategy guided by three main criteria to provide methodolog-

ical coherence and relevance to research objectives:  

 

Firstly, Companies were selected based on their practical applications of digital supply 

chain technologies (IoT, blockchain, artificial intelligence (AI), and digital twins), as 

demonstrated in their public reports. This fits the study’s emphasis on the ways technol-

ogy fuels sustainability. Digital tools increase the transparency and efficiency of supply 

chains, which makes them necessary for this study (Seuring and Müller, 2008). 

 

Second, the sample only covered companies with publicly available complete sustaina-

bility reports. These reports are based on standardized guidelines like the Global Report-

ing Initiative (GRI) and the European Union’s Corporate Sustainability Reporting Directive 

(CSRD, 2023). Approaches based on these frameworks provide reliable data and enable 

organizations to make meaningful comparisons (Baumüller & Sopp, 2022). 

 

Third, it required companies to participate in circular economy projects, such as closed-

loop production cycles, material recovery initiatives, and waste minimization programs. 

This criterion encapsulates the aim of this study, which seeks to stimulate the conversa-

tion concerning the intersection between digitization in their supply chain and the prin-

ciples of circular economy (Geissdoerfer et al., 2017). 
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This group of corporations is selected based on a cross-sectoral and geographically di-

verse sample, including leaders in industries driven by sustainable goals and circular ob-

jectives. For example, ABB and Schneider Electric were considered industrial automation 

companies making strides in AI-driven energy efficiency. Wärtsilä and Posti were ana-

lyzed as logistics giants investigating blockchain-enabled supply chain traceability. On the 

other hand, pulp and paper companies such as Stora Enso and Huhtamäki were selected 

for their expertise in biodegradable material flows and circular material flows.  The sam-

ple includes companies from the Nordic, European, and global regions with branches in 

Finland. This shows how regulatory frameworks and sustainability practices vary from 

region to region, as Hąbek and Wolniak (2013) stated in their study of EU sustainability 

policies. 

 

In this research, the data collection process included triangulation—a technique sug-

gested by Flick (2018) to validate conclusions across several data sources—to increase 

methodological rigor. Even though other materials, including annual reports, whitepa-

pers, and corporate ESG (i.e., Environmental, Social, and Governance) statements, were 

examined to provide further context to technological and CE commitments, sustainabil-

ity reports represented the primary data source (Bowen, 2009). However, the multi-lay-

ered in-depth analysis method employed in this study minimizes the likelihood of super-

ficial judgments to evaluate multiple logics presented in texts and, thus, enhances the 

study’s internal validity by examining not only explicit assertions but also implicit strate-

gic emphases in narratives (Bowen, 2009). 

 

The study acknowledges that multinational corporations (MNCs) and regional compa-

nies significantly impact global supply chain practices and can test innovations everyone 

can use (Koberg & Longoni, 2019). However, small and medium-sized businesses (SMEs) 

are not included intentionally. This is because of the need for standardized, detailed data 

on digital-CE integration, which is something that SMEs often fail to meet because they 

don't have enough resources (Rizos et al., 2016). 
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Danfoss was established in Denmark in 1933, gradually expanding into one of the global 

leaders in industrial automation, climate solutions, and energy-efficiency technologies. 

The company has branches in over 100 countries, with a stronghold in Europe, North 

America, and Asia. Danfoss started its operations in Finland in 1971, strengthening its 

footprint in the Nordic region. Danfoss employs some 42,000 staff globally and achieved 

a turnover of about €10.3bn in 2023. Specializing in smart heating and cooling systems, 

digital fluid control, and industrial IoT applications. Its industrial solutions incorporate 

emerging technologies, such as AI, digital twins, and predictive maintenance, to improve 

efficiency and sustainability in its operations. Danfoss plans to be carbon neutral by 2030 

with green energy solutions and circular economy practices. Danfoss is seen as a leader 

in smart factory technologies that use automation and real-time data analytics to make 

the manufacturing supply chain more efficient. They are also making progress in electri-

fication and storage solutions for renewable energy to help with efforts to make the 

world more sustainable. With its digital innovations, Danfoss is changing supply chains 

through smart logistics and using artificial intelligence (AI) to allocate resources. 

 

Nokia started as a paper mill. Nokia, which began in Finland back in 1865, grew to be a 

major player in digital infrastructure and telecommunications worldwide. The company 

has almost 86,000 employees and works in more than 130 countries. Nokia’s revenue 

2023 reached €24.9 billion because of its 5G, AI, and IoT solutions. Nokia is leading the 

way in digital supply chain innovations, utilizing blockchain for tracking products, AI to 

simplify networks, and cloud computing to keep data secure. It uses smart digital twin 

technology focused on sustainability to get the most out of infrastructure projects. Nokia 

has set a goal to become carbon neutral by 2040. They're putting much effort and money 

into creating energy-efficient networks and sustainable products. Nokia supports the cir-

cular economy with recycling and reuse programs, ensuring old network equipment gets 

a new life. They’re also partnering with governments and businesses to help create 

smart cities and build the next wave of digital infrastructure. Using AI-driven predictive 

analytics, Nokia ensures everything runs smoothly and is eco-friendly throughout its sup-

ply chain. 
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Wärtsilä is an industry pioneer in maritime and energy solutions, emphasizing smart 

power systems and decarbonization. The company was founded in Finland in 1834. It 

has 17,500 employees and operates in over 70 countries, generating €5.8 billion in rev-

enue in 2023. Wärtsilä is leading the way in innovation. They're working on AI-driven 

systems to optimize fuel use, creating digital models of ships, and using predictive 

maintenance to help cut down emissions in the maritime industry. They're also pushing 

for cleaner energy by encouraging hybrid power options and alternative fuels for ship-

ping, aiming to hit net-zero carbon emissions by 2050. In order to make Wärtsiläs marine 

and energy products more energy efficient, Wärtsilä uses automation and real-time data 

analytics in its operations. In addition, it has improved the supply chain's visibility and 

performance by implementing contract management systems based on the blockchain. 

Two of Wärtsilä's circular economy initiatives are remanufacturing components and us-

ing recyclable materials. The company collaborates with logistics providers and ports to 

improve port efficiency with AI. Wärtsilä is revolutionizing energy production and distri-

bution worldwide through its smart grid solutions and renewable energy storage. 

 

Stora Enso is a Finnish-Swedish company formed in 1998 by the merger of two compa-

nies. However, the company originally started in the 16th century. Today, it operates in 

over 50 countries and has roughly 20,000 employees worldwide. In 2023, they were rec-

ognized as one of the best packaging companies, raking in €9.4 billion, thanks to their 

groundbreaking work in biodegradable packaging and sustainable forestry. The company 

is truly leading the way by utilizing blockchain and AI to streamline its supply chain, re-

duce waste, and promote sustainable practices. They have signed on to an ambitious 

pledge to be fossil-free by 2050 and are investing in carbon-neutral factories and initia-

tives aimed at a circular economy. Stora Enso uses its digital supply chain tools and pre-

dictive analytics to drive efficiency and support greener manufacturing decisions. 

They’re also using AI to control quality in pulp and paper production systems and reduce 

waste. What’s more, Stora Enso is taking the lead in 3D printing with bio-based materials, 

exploring new methods for bolstering sustainable construction. Working with industry 
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leaders and government authorities, they're a leading force in the transition to a low-

carbon economy and bio-based economy. 

 

Capgemini was founded in France in 1967. Capgemini is a power player in consulting, IT, 

and digital transformation services. They now employ over 340,000 people in more than 

50 countries. They said they made €22.5 billion in 2023. Their migration to Finland in 

1998 propelled them to a more prominent status within the Nordic tech scene. Capgem-

ini specializes in AI-driven analytics, cloud computing, and cybersecurity, enabling com-

panies to extract maximum value from their digital supply chains. They use artificial in-

telligence to more accurately forecast what supplies they will require and blockchain 

technology to increase transparency in the supply chain. It also highlights how green-

certified digital solutions can help businesses reduce their carbon footprint through ad-

vanced technology. The company has a strategy to implement parts of a circular econ-

omy, including green data centers and cloud services that use AI components to optimize 

for less energy consumption and emissions during operations. They will be going carbon-

neutral by creating IT infrastructures without any carbon in the process, which makes 

the tech eco-friendlier. Capgemini helps large companies and government authorities 

make digital supply chains more secure. They also create digital twin models that simu-

late supply chain processes, making them more efficient and environmentally friendly. 

 

Logisnext Finland is an industry leader in logistics and material handling solutions, spe-

cializing in smart fleet management and automated warehouse systems, and is part of 

Mitsubishi Logisnext. The company has over 13,000 employees worldwide, focusing on 

customers in North America, Europe, and Asia. Logisnext, which specializes in artificial-

intelligence-powered automation, electric material handling vehicles, and internet of 

things-based fleet tracking systems, generated close to €4 billion in sales in 2023. The 

company uses digital logistics platforms and predictive maintenance analytics to in-

crease efficiency and reduce emissions. Logisnext offers circular economy principles in 

equipment lifecycle management to promote sustainable warehousing. Hydrogen-pow-

ered forklifts have been unveiled, while the company is also collaborating with various 
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players to build fully autonomous warehouse ecosystems. A powerful AI-driven logistics 

platform is also helping the company bring progressive evolution to managing material 

handling, all while being cost- and environmentally friendly solutions. 

 

Posti was founded in 1638 in Finland. It is considered the principal postal and logistics 

company in the country. Currently, it operates in Finland as well as Sweden, Norway, and 

the Baltic region. The company has around 20,000 employees and achieved revenue of 

1.6 billion euros in 2023. Posti has spent hundreds of millions of euros on AI-driven lo-

gistics optimization, computerized sorting houses, and renewable transport initiatives. 

It aims to utilize 100% fossil-free transport by 2030 and electrified delivery trucks and 

replacement fuels for its fleet. Real-time IoT tracking energy consumption to optimize 

delivery efficiency and sustainability. Posti’s services use data-powered route planning 

to minimize emissions and improve the efficiency of last-mile delivery. Posti is constantly 

collaborating with e-commerce platforms and sustainability partners to develop closed-

loop recycling solutions for packaging. With its digital logistics solutions, Posti is making 

daily business operations leaner while decreasing its environmental footprint signifi-

cantly. 

 

Schneider Electric was established in 1836 in France and is currently considered a global 

leader in energy management, industrial automation, and digitization. The organization 

has a presence in more than 100 countries with approximately 150,000 employees, with 

the reported turnover of the company being €35.9 billion in 2023. Schneider Electric 

came to Finland in 1975 and further solidified its position in the Nordic energy and tech-

nology industry. Schneider Electric integrates AI, IoT, and blockchain technologies to en-

hance energy efficiency and supply chain sustainability. The company has also adopted 

digital twin technology and predictive analytics to maximize the use of resources and 

sustainable manufacturing processes. Schneider Electric aims to achieve net-zero emis-

sions by 2050 through renewable energy, circular economy practices, and intelligent 

manufacturing. Schneider Electric collaborates with industry leaders, governments, and 

technology companies to help drive global sustainability. Schneider Electric has 
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pioneered closed-loop materials reuse and smart grid systems to improve industrial en-

ergy efficiency. 

 

Kone was established in Finland in 1910. Kone is a world leader in elevators, escalators, 

and smart building solutions. It has branches in more than 60 countries and has approx-

imately 60,000 employees, with sales of €11.0 billion in 2023. Kone uses emerging tech-

nology in its system, such as AI, IoT, and predictive maintenance technology, in its smart 

urban mobility solutions to make them energy-efficient and provide an excellent cus-

tomer experience. It has invested in digital twin technology and cloud-based analytics to 

optimize building performance and minimize downtime. Kone plans to be carbon neutral 

by 2030 by utilizing green materials, circular business models, and smart energy solu-

tions. It uses blockchain technology to provide supply chain transparency and recycle 

materials in its elevators and escalators, so there will be little wastage. Kone’s sustaina-

bility strategy is to enhance energy efficiency in vertical transportation, reduce Scope 1, 

2, and 3 emissions, and make it 100% renewable worldwide. As a digital leader, Kone 

creates smart, sustainable cities with reduced environmental impacts. Kone collaborates 

with urban planners, architects, and real estate developers to develop future-proof, sus-

tainable mobility solutions. Kone also strongly believes in circular economy thinking, de-

signing products to last the long term, and remanufacturing for reuse. 

 

Valmet, which was founded in 1951 in Finland, is a global leader in process technologies 

for the paper, pulp, and energy industries. Valmet has operations in more than 30 coun-

tries with 17,000 employees and reported a revenue of €5.5 billion in 2023. Valmet has 

embraced IoT-based industrial automation, AI-based predictive analytics, and digital 

twins to promote resource efficiency and sustainability. The organization is committed 

to sustainable manufacturing through the encouragement of closed-loop systems, bio-

based materials, and energy-efficient technology. Valmet is a leader in smart production 

monitoring to drive supply chain transparency. It works with circular economy stakehold-

ers, like their businesses, to create more sustainable material processing processes. Its 

digital solutions minimize carbon emissions, maximize process efficiency, and enhance 



71 

lifecycle management. The organization has also invested in waste-to-energy conversion 

to aid global sustainability initiatives. 

 

Wipak, headquartered in Finland, is a top sustainable and recyclable packaging solutions 

provider. Wipak operates offices in various economies across Europe and has a work-

force of 1,800 employees with a turnover of around €400 million in 2023. Wipak em-

braced AI-facilitated material optimization, closed-loop recycling, and biodegradable 

pack solutions to have minimal environmental contributions. With blockchain technol-

ogy, Wipak is making its supply chain more traceable. To provide additional customer 

support, they are also adopting digital labeling. Wipak is building factories fueled by re-

newable energy and introducing more usage of bio-based materials to reach its target of 

being carbon neutral by 2025. To encourage circular packaging practices, they are work-

ing with businesses and governments. Also, they can reduce energy consumption in pro-

duction because of intelligent machine learning. 

 

Huhtamäki is a Finnish-origin company founded in 1920. They are well known for their 

sustainable packaging. With operations in over 37 countries and 18,000 employees 

worldwide, Huhtamäki reported €4.2 billion in revenue in 2023. Through circular eco-

nomics, Huhtamäki aims to minimize its environmental footprint using bio-based pack-

aging materials, recyclables, and innovations. It incorporated AI-driven material selec-

tion and blockchain-traceable supply chain technology. The firm is focused on eliminat-

ing single-use plastics and utilizing compostable and biodegradable packaging in its of-

ferings. Huhtamäki collaborates with large retailers to create closed-loop recycling tech-

nologies that extend the packaging life cycle. Huhtamäki has invested in smart pack tech-

nology, such as IoT-based monitoring, to establish maximum logistics efficiency. The 

company plans to be carbon neutral by 2040, using renewable energy-driven production 

facilities. With automation and real-time data monitoring, Huhtamäki is also minimizing 

the use of resources in operations, making it more efficient. 
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Asea Brown Boveri, also known as ABB, was founded in 1988 through the collaboration 

of Sweden-based ASEA and Brown Boveri from Switzerland. It works in industrial auto-

mation, robotics, and energy-efficient solutions. ABB has operations in more than 100 

countries, employs 105,000 people, and posted a turnover of €32 billion in 2023. ABB 

started its Finnish operations in 1991, further enhancing its foothold in the Nordic region. 

ABB combines AI-based robotics, IoT-based smart grids, and predictive maintenance 

technology to maximize efficiency and sustainability. Its decarbonization strategy em-

phasizes electrification, renewable energy solutions, and digital twin technology for in-

dustrial automation. ABB also developed blockchain carbon footprint tracking systems 

to help ensure compliance with sustainability. In addition, ABB promotes circular econ-

omy initiatives like remanufacturing electrical goods and zero-waste production pro-

cesses. It has set a goal for carbon neutrality by 2030 and will transition all of its supply 

chains to renewable energy by 100%. The firm works with the automotive, logistics, and 

energy sectors to create smart and sustainable infrastructure solutions. ABB has also es-

tablished AI-driven energy optimization solutions through which industries can minimize 

emissions and maximize efficiency. With its sustainable innovation focus, ABB is in 

charge of digitalizing industrial automation. 

 

Vaisala was established in 1936 in Finland. Vaisala operates weather, environmental, and 

industrial measurement technology businesses. It operates in more than 150 countries 

and has about 2,000 employees, with revenues in 2023 of €552 million. Vaisala creates 

sophisticated climate observation solutions, Internet of Things-connected weather sen-

sors, and artificial intelligence-based environmental analytics to benefit industries from 

aviation to renewable energy. It combines forecast weather analysis and current climate 

information into digital platforms for enhancing operational effectiveness and risk re-

duction. The company minimizes its carbon footprint by encouraging sustainable busi-

ness practices, a circular economy, and intelligent energy solutions. Vaisala employs ma-

chine learning-based weather forecasting models to enhance weather forecasting and 

climate resilience. Their tech solutions help companies move towards climate-positive 

operations by improving energy efficiency and meeting sustainability standards. They 



73 

also collaborate with global environmental groups and policymakers to push for data-

driven actions in climate and sustainability reporting. 

 

Metso was originally founded in 1999 in Finland. It deals with the mining, aggregates, 

and metals processing solutions sector. Metso has over 50 sites worldwide, employs ap-

proximately 16,000 people, and recorded revenue of €5.3 billion in 2023. Metso is well-

known for its sustainable mineral processing, energy-efficient solutions, and AI-driven 

automation of industrial processes. The firm employs emerging technologies, such as 

digital twins, real-time analytics, and predictive maintenance technology, to enhance op-

erating efficiency and minimize metal manufacturing and mining waste. 

 

Regarding sustainability, Metso promotes circular economy practices such as recycling 

industrial waste, remanufacturing equipment, and sourcing green materials. The firm 

has integrated hydrogen-based steelmaking processes and water-saving processes in 

mining to minimize environmental degradation. Metso's digital strategy includes block-

chain traceability of sustainably sourced raw materials. Besides, Metso collaborates with 

renewable energy producers to create solutions for low-emission industries. While it tar-

gets closed-loop material management and process optimization through artificial intel-

ligence, Metso will revolutionize sustainable heavy industry in the future. 

 

Rockwell Automation was established in 1903 in the USA. Currently, the company is in-

volved in industrial automation, digitalization, and intelligent manufacturing processes. 

It has a presence in over 80 countries with around 28,000 employees and a turnover of 

€7.8 billion in 2023. Rockwell Automation expanded its business to Finland in 1985. Rock-

well leads in AI-driven robotics, IoT-driven industrial control systems, and cloud-based 

automation software. It uses machine learning and real-time analytics to maximize man-

ufacturing productivity, optimize energy use, and reduce waste. As an early adopter of 

sustainable manufacturing, Rockwell combines digital twin technology and predictive 

maintenance to minimize downtime and carbon footprint. In terms of the circular econ-

omy perspective, Rockwell also encourages circular economy behavior by initiating 
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automated recycling loops and material reuse in industrial processes. Rockwell works 

with competent city developers and manufacturing companies to design carbon-neutral 

manufacturing facilities. Rockwell is one of the leading proponents of global sustainabil-

ity initiatives and digital supply chain innovations, with a strong energy efficiency and 

digitalization focus, and it is looking for innovative ideas for more advanced digital supply 

chains and global sustainability. Rockwell is future-proofing AI-based predictive diagnos-

tics and blockchain traceability to further enhance sustainable manufacturing and indus-

trial automation. 

 

Schneider Electric was founded in 1836 in France. The company is well-established in 

energy management, industrial digital transformation, and automation. Schneider Elec-

tric operates in more than 100 countries. They have employed approximately 150,000 

staff members and had a revenue of €35.9 billion in 2023. Schneider Electric entered the 

Finnish market 1975 to further enhance its business in the country's industry and energy 

sectors. The organization leverages AI, IoT, and blockchain for its intelligent energy solu-

tions to maximize energy usage and improve sustainability. It created digital twin tech-

nology and predictive analytics to enhance industrial efficiency and minimize waste. 

Schneider Electric has set 2050 as the year for net-zero carbon emissions and is investing 

in renewable resources, circular business models, and smart manufacturing. It has also 

proposed closed-loop material reuse for large industrial projects and energy manage-

ment automation for industrial industries. Schneider Electric is also active in smart cities 

and implements AI-driven grid management and energy optimization solutions. Its EcoS-

truxure™ solution combines global cloud-connected monitoring, automation, and real-

time sustainability monitoring across enterprises. Schneider Electric collaborates with 

governments and international industries to develop low-carbon, energy-efficient infra-

structures to enable a sustainable future. 

 

UPM is a Finnish-origin company that provides sustainable and renewable alternatives 

to products made from fossil-based products. The company was formed in 1996 when 

several forestry companies in Finland merged. In 2023, UPM reported €10.5 billion in 
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revenue. According to a 2023 report, the company employs 16,573 people and operates 

in 12 countries worldwide. The company works on circular bioeconomy solutions, pro-

moting sustainable forestry, responsible water use, and environmentally friendly manu-

facturing. UPM achieves transparency in supply chains through digital technology and 

artificial intelligence. This includes using blockchain to track materials and the Internet 

of Things (IoT) to monitor resources. Sustainable labeling solutions are developed by 

UPM Raflatac, and biodegradable packaging materials are created by UPM Specialty Pa-

pers. 

 

Regarding energy, UPM operates one of Finland's most significant CO₂-free power gen-

eration systems, utilizing hydropower, nuclear power, and bioenergy. The biorefinery 

projects at UPM have established them as front-runners in the biochemicals and biofuels 

industries among the competitors. Their wood products are being developed as substi-

tutes for plastics and fossil fuels. Following the goal with the UN's Sustainable Develop-

ment Goals (SDGs), UPM intends to achieve its sustainability objective of creating zero 

net carbon emissions by the year 2040. With an unwavering commitment to developing 

environmentally friendly solutions for a brighter future, UPM shows no signs of slowing 

down. 

 

Mirka is a Finnish company specializing in surface finishing solutions. It was founded in 

1943. The company manufactures various applications, such as abrasives, tools, and pol-

ishing systems. Mirka is doing its business operation in over 100 countries, providing 

products and services to customers worldwide. It has a workforce of approximately 

1,600 employees across its international operations worldwide. In 2023, the company 

reported a revenue of €392 million, reflecting its strong market presence. The company 

focuses on innovation and sustainability, and Mirka continues to advance in eco-friendly 

manufacturing and digitalized production processes. Mirka focuses on circular economy 

and sustainability by implementing recycled and sustainable materials in production. It 

established energy-efficient plants and followed IoT-based process optimization to en-

sure less wastage and high efficiency. Its carbon-free manufacturing practices and 



76 

processes involving waste-to-energy conversion work in favor of cutting down carbon 

prints. Mirka is also making its supply chain more efficient and sustainable. Mirka applies 

computerized quality checking to deliver high-quality products. It has put in place real-

time production monitoring to track manufacturing activities precisely. AI logistics assist 

in streamlining business and minimizing the wastage of materials. Mirka works with mar-

ket leaders to develop cleaner and greener manufacturing processes. It is engaged in 

creating closed-loop recycling systems to reduce environmental footprints. In the pro-

cess, Mirka continues to advance green and effective practices. Further, Mirka is invest-

ing in automation finishing technologies to improve accuracy while reducing material 

consumption. Embracing innovation and sustainability to a large extent, Mirka continues 

to transform the abrasive sector through cleaner production processes and products. 

Data from 18 corporate reports from 2022–2023 was collected to capture emerging in-

dustry trends, digital innovations in supply chain management, circular economy strat-

egy, and the diverse business sectors these companies represent, as outlined in Table 1 

below. 
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Table 1 Company data 

Company, Turnover 
(2023), 

Title of Report Nr. of 
Pages, 

Founded Field of Business, 

Danfoss, 10.3 B 
EUR, 

Sustainability 
report; Annual 
report, 

20, 1933, Industrial Automa@on, 

Nokia 24.9 B EUR People and Planet 
Report 

140 1865 Telecommunica@ons 

Wärtsilä 5.8 B EUR Annual report 100 1834 Mari@me & Energy 

Stora Enso 9.4 B EUR Annual report; 
Sustainability 
report 

105 1998 Renewable Materials 

Logisnext 4 B EUR Annual report; 
Sustainability 
report 

75 N/A Logis@cs 

Capgemini 22.5 B EUR Integrated Annual 
Report 

220 1967 Consul@ng & IT 

PosH 1.6 B EUR Sustainability 
report 

50 1638 Postal & Logis@cs 

Kone 11 B EUR Sustainability 
Supplement 

90 1910 Elevator & Escalator 
Solu@ons 

Valmet 5.5 B EUR Annual review 110 1951 Process Technologies 

Wipak 400 M EUR ESG Report 60 N/A Sustainable Packaging 

Huhtamäki 4.2 B EUR Annual report 85 1920 Packaging 

ABB 32 B EUR Sustainability 
report 

200 1988 Industrial Automa@on 

Vaisala 552 M EUR Annual report 55 1936 Environmental 
Measurement 

Metso 5.3 B EUR Financial Review 145 1999 Mining & Aggregates 

Rockwell 
AutomaHon 

7.8 B EUR Annual report 120 1903 Industrial Automa@on 

Schneider 
Electric 

35.9 B EUR Sustainability 
report 

230 1836 Energy Management 

Mirka 392 M EUR Sustainability 
report 

40 1943 Surface Finishing 

UPM 10.5 B EUR Annual report 180 1996 Bio-based Materials 
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3.4 Thematic Data Analysis Approach  

 

The research uses thematic analysis as the primary procedure for discovering, investi-

gating, and analyzing patterns (themes) in qualitative data (Braun & Clarke, 2006). The-

matic analysis has traditionally been described as having a systematic but flexible ap-

proach, which suits investigating circular economy (CE) strategies and digital supply 

chain management content transcripts and analyzing sustainability reports. This ap-

proach allows researchers to systematically discover the contribution of new technolo-

gies, sustainability efforts, and waves of digital change across industries (Nowell et al., 

2017; Vaismoradi et al., 2013). 

 

The key advantage of thematic analysis is that it is flexible and allows it to compare sus-

tainability practices, reporting structures, and technological implementations across var-

ious organizations and sectors (Guest et al., 2012). Due to the different ways companies 

report on their sustainability, thematic analysis helps to find patterns and differences in 

how they use digital technologies and circular economy ideas through their supply 

chains (Clarke & Braun, 2017). This method also allows for an iterative and reflexive pro-

cess, where themes can be refined and restructured as deeper insights emerge from the 

data (Terry et al., 2017). 
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According to Braun & Clarke (2006), thematic analysis follows a six-phase process, as 

outlined in Table 2.  

Table 2 Thematic analysis framework (Braun & Clarke 2016) 

Phase DescripZon 

1. FamiliarizaZon with 

the data 

Reading and re-reading sustainability reports and interview 

transcripts to gain a deep understanding of the content. 

2. IniZal coding Idenyfying key concepts and recurring pazerns related to CE, 

digital transformayon, and sustainability. 

3.Theme 

idenZficaZon 

Grouping similar ideas and concepts into broader themes 

based on emerging pazerns. 

4. Reviewing themes Refining and ensuring consistency in theme categorizayon by 

revisiyng and validayng iniyal themes. 

5. Defining and 

naming themes 

Assigning final themayc categories and providing clear 

definiyons for each theme. 

6. ReporZng results Linking findings to research objecyves and theoreycal 

frameworks, presenyng interpretayons and conclusions. 

 

This six-step thematic analysis procedure offers a rigorous, systematic, and replicable 

method of coding company sustainability reports and content data to enhance the find-

ings' credibility, reliability, and depth (Braun & Clarke, 2021). Once the thematic analysis 

is completed, the five most important themes will be utilized to code the sustainability 

reports, each capturing a fundamental aspect of digital supply chain transformation and 

circular economy approaches (see Table 3). These problems have been confirmed 

through the comprehensive review of current literature, industry reports, and prelimi-

nary document analysis, addressing current theory and practice opinions on corporate 

sustainability. 
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Table 3 Key themes for thematic analysis 

Key Themes Area of focus  

AdopZon of 

Digital 

Technologies 

IoT, blockchain, AI, big data analyycs, digital twins, addiyve 

manufacturing, cloud compuyng 

Supply Chain 

Transparency 

Blockchain-enabled traceability, AI-powered monitoring, data 

security in supply chain 

Circular 

Manufacturing 

IntegraZon 

Closed-loop producyon, digital twins for sustainability, material 

recovery, waste reducyon 

Challenges in 

ImplementaZon 

Financial, regulatory, technical, and organizayonal barriers to 

digital and circular transformayon 

Future DirecZons 

and InnovaZons 

Emerging trends, AI-enhanced sustainability soluyons, next-

generayon supply chain technologies 

 

 

The content transcripts and sustainability and annual reports will be coded and analyzed 

systematically according to the thematic analysis framework guided by Braun and Clarke 

(2006). Rather than being dictated by preexisting theories, the themes will be discovered 

inductively, meaning insights will be drawn directly from industry practices. Following 

this framework, the organizational use of digital technologies to further circular econ-

omy goals can be better understood using this data-driven approach. Furthermore, the 

analysis will highlight industries' opportunities and challenges when adopting digital 

transformation strategies for sustainable supply chain management, providing a com-

prehensive perspective on corporate sustainability efforts. 
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4 Results  

This chapter examines the main findings from analyzing corporate sustainability reports, 

annual reports, and other reports. It explains how digital technologies boost circular 

economy (CE) strategies through digital supply chains. The results are structured around 

key thematic categories identified through thematic analysis (Braun & Clarke, 2006). 

These themes illustrate the role of emerging technologies such as AI, IoT, blockchain, 

digital twins, big data analytics, cloud computing, and additive manufacturing in promot-

ing sustainable supply chain practices. 

 

By comparing 18 company sustainability reports across various industries—manufactur-

ing, logistics, energy, packaging, and technology- this study identifies patterns in adopt-

ing digital technologies in supply chains, supply chain transparency, circular manufactur-

ing, implementation challenges, and future sustainability directions. The results contrib-

ute to addressing the research question: 

 

What are the key opportunities and challenges in implementing digital supply chain tech-

nologies, and how can these technologies be integrated to achieve circular economy 

goals? 

 

 

4.1 Adoption of Digital Technologies in Supply Chains 

Analyzing sustainability and annual reports of the 18 selected companies repeatedly em-

phasize exploiting Industry 4.0 or new technologies—such as the Internet of Things (IoT), 

Artificial Intelligence (AI), Big Data analytics, digital twin simulation, additive manufac-

turing (3D printing), and cloud computing—to enhance supply chain efficacy. For in-

stance, Schneider Electric's 2023 report reveals some considerable investments in IoT 

sensors, AI analytics, digital twins, cloud platforms, and big data—all aimed at boosting 

efficiency and cutting down on environmental impact. They use IoT-enabled sensors and 

AI-driven analytics to monitor equipment in real time, which helps reduce downtime and 
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extend asset life. ABB also embeds AI, IoT, and cloud-enabled analytics into its electrifi-

cation and automation offerings to deliver energy-efficient, data-driven operations. In 

reality, ABB has created Smart Sensor IoT products that monitor machinery energy con-

sumption and performance in real-time, and it uses digital twin models of industrial pro-

cesses to enable real-time decision-making to improve material and energy efficiency. 

These images are part of a broad trend: businesses place networked sensors and AI/ML 

models on manufacturing and logistics networks to collect big data and improve pro-

cesses (e.g., predictive maintenance, demand planning, or dynamic routing) for in-

creased efficiency and sustainability. Digital twin technology and simulation software 

adoption are other typical patterns. Like Rockwell Automation, these businesses use dig-

ital twins to replicate factory and supply chain conditions, detect inefficiencies, and re-

duce material wastage before making physical modifications. 

 

This virtual simulation of operations enables circular objectives by uncovering the po-

tential for resource-saving in the manufacturing process of the companies. Some com-

panies are also investigating additive manufacturing (3D printing) as a component of 

their digital supply chain arsenal, frequently with sustainability in mind. UPM, for exam-

ple, created wood-based bio composites compatible with 3D printing and demonstrated 

how demand-driven additive manufacturing can produce high-value products (such as 

bio-based musical instrument parts) from renewable raw materials. KONE also tests 3D 

printing to make on-demand spare parts, minimizing unnecessary inventory require-

ments and waste. These cases demonstrate how digital manufacturing can help a circular 

economy by allowing localized consumption and production of recycled or bio-based in-

puts.  

 

On the other hand, cloud computing infrastructure enables many of these developments 

since firms utilize it to manage enormous data streams from IoT devices and AI-driven 

analysis. Various reports (e.g., Mirka and Posti) indicate that cloud-based solutions are 

central to real-time data and analytics sharing in production and logistics. In short, digital 

technology adoption is ubiquitous: From heavy machinery manufacturers to packaging 
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experts, companies are using IoT networks, AI and analytics engines, cloud infrastructure, 

blockchain, and even robotics and automation to build more intelligent supply chains. 

This is part of a more significant Industry 4.0 mentality where consolidated, data-driven 

processes are optimized and made more sustainable. With the integration of digital func-

tionality, firms establish the technological foundation for more transparent, cyclical, and 

responsive supply chains. 

 

A brief overview of the essential digital technologies adopted by companies is shown in 

Table 4. 

Table 4 Adoption of key digital technologies 

Company AI IoT Blockchai
n 

Digita
l Twin 

Addiyve 
Manufacturin
g 

Big Data 
Analyyc
s 

Cloud 
Compuyn
g 

Danfoss Yes Yes No Yes No Yes No 
Nokia Yes Yes Yes Yes Yes Yes Yes 
Wärtsilä Yes Yes Yes Yes Yes Yes Yes 
Stora Enso No Yes yes Yes No Yes Yes 
Logisnext Yes Yes Yes No No Yes Yes 
Capgemini Yes Yes Yes Yes Yes Yes Yes 
Posy Yes Yes Yes No No Yes Yes 
Kone ye

s 
Yes Yes Yes Yes Yes Yes 

Valmet Yes Yes Yes Yes Yes Yes Yes 
Wipak No Yes Yes Yes Yes Yes Yes 
Huhtamäki Yes Yes Yes Yes Yes Yes Yes 
ABB Yes Yes yes yes No Yes Yes 
Vaisala Yes Yes Yes Yes No Yes Yes 
Metso Yes Yes Yes Yes Yes Yes Yes 
Rockwell 
Automayo
n 

Yes Yes Yes Yes No Yes Yes 

Schneider 
Electric 

Yes Yes yes Yes No Yes Yes 

Mirka No ye
s 

No Yes Yes Yes Yes 

UPM Yes ye
s 

Yes Yes Yes Yes Yes 
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4.2 Supply Chain Transparency through Digital Tools 

Analyzing all the data obtained from the sustainability and annual reports and develop-

ing transparent and traceable supply chains are priorities for sustainability throughout 

the companies. Businesses are utilizing technologies such as blockchain, smart sensors, 

and AI tracking to obtain visibility from raw material sourcing to final product and, in the 

process, improve accountability and trust. Schneider Electric's report illustrates applying 

blockchain ledgers to establish tamper-evident, unchangeable histories of product life 

cycles that allow stakeholders to track materials from extraction to end-of-life. This 

blockchain traceability guarantees that sustainability information (e.g., the component's 

source or the carbon footprint) cannot be changed, thereby building trust in reporting. 

Rockwell Automation also says blockchain is needed to ensure responsible sourcing and 

compliance across its global supply chain, with clear records of every transaction or 

transfer. In transportation, Posti (Finnish delivery and postal company) cooperated with 

an emissions monitoring program on blockchain technology to enhance carbon data's 

traceability on supply chains. These instances resonate with a greater understanding of 

how trust, traceability, and transparency are essential to sustainable supply chain man-

agement, as explained in full in the literature. 

 

Aside from blockchain, companies are employing real-time information systems and ar-

tificial intelligence to monitor supply chain sustainability metrics. Rockwell's article cites 

AI-based monitoring technology that allows business to track their use of energy and 

emissions throughout the supply chain in real-time. Real-time monitoring will enable 

companies to detect inefficiency or hotspots (i.e., a hot supplier producing excessively 

high emissions) and address them in advance. Most businesses have strong supplier sus-

tainability programs supported by digital solutions. ABB, for example, employs big-data 

analytics within a "Sustainable Supply Base Management" initiative to quantify supplier 

risk and ESG adherence to cover 80% of high-risk spending through such initiatives by 

2030. It also employs IoT-based platforms to monitor suppliers' emissions and inform 

decarbonization strategies. Vaisala's report stipulates how 91% of its suppliers were as-

sessed based on ESG aspects through digital data gathering and scoring (to achieve 
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100%). Similarly, Posti audits compliance by the suppliers digitally and reports that 92.8% 

of suppliers comply with its code of conduct. These initiatives demonstrate how data 

systems enhance transparency into upstream practices, having the ability to ensure sup-

pliers are maintaining ethics, labor, and environmental standards by routinely gathering 

and analyzing performance data. 

 

Cybersecurity and the integrity of data are the regulators of transparency. Some compa-

nies highlight how data security is paramount with supply chain digitization to assure 

stakeholders of their trust in the information. Rockwell directly sets out cybersecurity as 

one of the foundations of supply chain transparency and announces that it has intro-

duced AI-driven security solutions to protect digital infrastructure and data integrity. 

Schneider and ABB also recognize the worth of investing in strong data protection and 

cyber defenses as they digitize supplier and logistics information. A secure digital back-

bone avoids data breaches or tampering that can invalidate the integrity of traceability 

systems. In practice, this means uncompromising access controls, blockchain tamper-

resistance, and real-time monitoring for threats on the network. In short, supply chain 

visibility is being boosted through blockchain traceability, real-time tracking and moni-

toring, and safe data management. These solutions provide businesses and their stake-

holders end-to-end transparency into the origin of materials and social and environmen-

tal conditions on the value chain, meeting the escalating demand for precise, end-to-

end supply chain insights. The literature on sustainable supply chains emphasizes that 

such openness, facilitated by digital technology, can improve performance and account-

ability by a considerable margin and that corporate practices have adequately evidenced 

this. 
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4.3 Circular Manufacturing Integration 

Each of the 18 companies illustrates measures to integrate principles of circular economy 

into production and supply chain practices, frequently supported by digital technologies. 

The thread involves closed-loop production, material recovery and recycling, product life, 

and minimizing waste. Shared practice is product and process design for circularity. Take 

KONE's sustainability report, for example. It notes that their elevators are built to be 

quickly removed and upgraded. This way, they can swap out parts and recycle materials 

instead of scrapping the whole system. Nearly 90% of what goes into KONE products can 

be recycled. In addition, they are working with their suppliers to boost the use of recy-

cled materials without affecting quality. Such circular design is frequently data-informed: 

Firms perform Life Cycle Assessments (LCA) and employ digital product models to iden-

tify environmental impacts and where to replace materials or enhance recyclability. ABB, 

for example, targets 80% of its product range to conform to defined circularity standards 

by 2030. Moreover, it employs LCA tools to estimate impacts from production through 

end-of-life disposal. With these outcomes, ABB has developed take-back and remanu-

facturing schemes – customers return used equipment, which is upgraded or refurbished 

by ABB, maximizing product life and minimizing the use of virgin material. Rockwell Au-

tomation also offers Industrial Automation Repair Services. It monitors the sustainability 

payback of remanufactured parts (e.g., how much e-waste is prevented), actively en-

couraging repair instead of replacement to save resources. These instances represent 

closed-loop supply chain practices: materials are retained in use through maintenance, 

reconditioning, and recycling as a replacement for disposing of waste after one lifecycle. 

 

Digital technologies play a supportive role in integration in circular manufacturing. Pre-

dictive maintenance through IoT and AI technologies is widely used to maximize equip-

ment life and reduce waste. Schneider Electric indicates that its predictive maintenance 

technologies, through AI, enable industrial assets' operating life extension, lowering the 

production rate of new replacements. KONE 24/7 Connected Services uses IoT sensors 

to remotely monitor elevator performance and anticipate maintenance requirements 

ahead of time, enhancing safety, extending the life of the equipment, and reducing 
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resource usage. Its data-driven solutions ensure the replacement of parts only when 

they are genuinely needed and that costly failures, typically complete replacement types, 

are avoided. Circular benefits are also maximized by minimizing waste and ensuring op-

timality for processes through digital twin solutions. Schneider creates digital replicas of 

its supply chain operations to mimic and forecast the sustainability effects of varying 

conditions. It aids in scheduling more effective production cycles or logistics routes that 

reduce fuel consumption and waste creation. UPM utilizes digital modeling for product 

design, an example being its pilot on digital product passports for material labeling. It 

serves as a digital twin of a product's sustainable history with deep data housed that can 

be recycled or reused at the end of life. By digitalizing a product's composition and envi-

ronmental impact, UPM can enable correct material recovery when disposing of a prod-

uct, thereby closing the loop. Certain companies also refer to waste reduction and re-

source utilization programs in their operations, usually through the assistance of digital 

tracking. Schneider removed single-use plastics from packaging and attained 63% use of 

sustainable (recyclable or biodegradable) packaging. Huhtamaki, a manufacturer of 

packaging materials, launched a new line of recyclable flexible packaging (blueloop™) as 

a substitute for multi-layer plastics and increased the use of fiber-based packaging to 

minimize plastic waste. End-to-end tracking of material movement through electronic 

eyes exposes hotspots of waste, such as Mirka, which employed a cloud-based logistics 

application to track shipping in real-time and reduce the usage of air freight by 30%, 

eliminating unnecessary expedited shipping and emissions. 

 

In manufacturing, organizations such as Vaisala report applying smart factory automa-

tion (AI calibration equipment, robotics) to improve accuracy and minimize wastage. 

Vaisala even manufactured biodegradable material for one of its products (a weather 

radiosonde), saving 66% of plastic through its circular design initiative. Heavy industry 

actors concentrate on recycling by-products: Metso's mining equipment division, for ex-

ample, recycles life-expired wear components and encourages recycling material from 

mine sites. Metso also uses water recycling technologies for mineral processing to limit 

water wastage. These measures, although industry-specific, all concentrate on the same 
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objective – conserving resources and designing out waste. The idea of a closed value 

chain, in which outputs become inputs through reuse or recycling, is powerfully at work 

with these firms. Most notably, partnerships are highlighted as driving circularity; UPM 

developed an ecosystem program (Beyond Circularity) with 21 partner projects in 2023 

to construct new low-carbon circular solutions for its business segments. Mirka is in-

volved in a cross-industry partnership (the SHAPE project) for circular economy innova-

tion and net carbon-negative production through collaborative innovation in recycling, 

remanufacturing, and digitalized value chains. This collaboration means that circular pro-

duction typically includes more than one firm – there is coordination across industries, 

sometimes facilitated by digital platforms for data sharing. Overall, the supply chain im-

plementation of a circular economy is articulated through manufacturing operations, 

end-of-life processing, and product design. At the same time, digital solutions enable the 

monitoring, feedback loops, and optimization needed to make circular strategies suc-

cessful. 
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4.4 Challenges in Implementation 

While significant progress has been made, analyses of the reports candidly acknowledge 

persistent obstacles and challenges in integrating digital technologies and advancing cir-

cular supply chain transformations. They are financial, technical, regulatory, and organi-

zational in nature, usually interconnected and cross-industry. One of the main issues is 

the high cost and investment to apply advanced technologies on a large scale. ABB and 

Schneider say implementing IoT, AI, and blockchain technologies in global operations 

and supply chains will require vast amounts of capital. Junior partners or other suppliers 

may lack the capital or technical expertise to implement the technologies, leaving a weak 

link in the chain. Economic uncertainty exacerbates the problem: Huhtamaki said infla-

tion and economic recessions worldwide have made green innovation investments a 

short-term hurdle. Therefore, even if the long-term ROI for digital sustainability initia-

tives is positive (due to efficiency improvements and risk mitigation), securing up-front 

funding and enabling all stakeholders to engage remains challenging. 

 

Regulatory and market challenges form another category. Sustainability regulations vary 

widely across countries and are rapidly evolving. Due to differing regional regulations, 

Schneider’s report notes the difficulty of implementing standardized digital-circular 

models globally. Companies must juggle new compliance requirements such as carbon 

reporting rules, extended producer responsibility laws, or digital product passport man-

dates. Rockwell has noted that complexity in managing carbon emissions regulations, 

data privacy legislation, and other compliance matters across various jurisdictions can 

impede implementation or necessitate complex solutions (and it has begun to provide 

AI-driven tools for compliance assistance). Market conditions are also in transition: UPM 

explained how digital disruption redefines demand trends (e.g., reduced demand for 

graphic paper, growing demand for sustainable packaging), forcing the company to adapt 

its supply chain and product mix quickly. Responding to such transitions is a strategic 

issue, requiring more flexibility than conventional operations can deliver. 
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Additionally, some technologies are not ready for the market yet for all companies, as 

they are unsure how to utilize them. For instance, UPM mentioned that they have not 

rolled out blockchain or digital twins in their manufacturing process yet—probably be-

cause the return on investment (ROI) is still a question mark, or maybe these techs are 

too new for their field. This shows that companies are cautious; they are likely to hold 

off on fully welcoming new tech until it proves its worth or until industry standards are 

more firmly established. 

 

The most critical issues will be organizational and human. The most common theme is 

the necessity of upskilling the workforce and cultural transformation to execute digital 

transformation effectively. The reports from UPM and Rockwell emphasize that the 

workforce requires new skills and attitudes to leverage AI, data analytics, and other dig-

ital technologies. UPM has invested in training operators and introduced online learning 

platforms to build "digital capabilities" within employees, embracing change manage-

ment as inevitable. Rockwell also partners with schools to bridge the skills gap between 

advanced manufacturing requirements, quoting that the best technology in place will 

never achieve its full capability unless qualified individuals are available. Having suppliers 

and partners on board is another organizational concern. ABB reported that not every-

one can move quickly to meet its requirements for sustainability technologies, so it has 

to try to work with programs and even offer cash as an incentive to get them underway. 

KONE observed that massive stakeholder involvement (logistics providers, regulators, 

suppliers) is required for a fully sustainable, digitalized supply chain, suggesting coordi-

nation effort and expense are not spare change. In reality, human and inter-organiza-

tional preparedness needs to complement technical solutions. This finding is consistent 

with theoretical arguments that management commitment, capabilities, and stake-

holder involvement are crucial to adopting digital-circular projects. The absence of top 

management commitment or inadequate capabilities can threaten projects despite the 

potential of the technology. Firms recognize these soft barriers and seek to eliminate 

them through the change management process, partner stakeholders, and training 

schemes, but continue to experience recurring difficulties. More often than not, 
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repeated investment, learning, and industry collaboration with mutual knowledge diffu-

sion and cost deflation will have to overcome such barriers. 

The challenges the company faces in adopting a digital supply chain are briefly outlined 
below in Table 5. 
 

Table 5 Challenges faced in digital supply chain adoption (By Company) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Company Primary Challenge 

Danfoss Financial 

Nokia Technical 

Wärtsilä Regulatory 

Stora Enso OrganizaWonal 

Logisnext Regulatory 

Capgemini OrganizaWonal 

PosL Financial 

Kone Financial 

Valmet Technical 

Wipak Regulatory 

Huhtamäki OrganizaWonal 

ABB Technical 

Vaisala Financial 

Metso Technical 

Rockwell AutomaLon OrganizaWonal 

Schneider Electric Regulatory 

Mirka Financial 

UPM OrganizaWonal 
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4.5 Future Directions and Innovations  

The sustainability reports give us much hope for the future. Companies are stepping up 

their digital and circular efforts, setting bold targets, and some exciting innovations are 

coming. A big focus for the future is a closer partnership between AI and advanced ana-

lytics to boost sustainability. Many firms plan to expand AI-driven optimization in oper-

ations. For example, ABB is developing AI-powered sustainability analytics to forecast 

energy consumption better and optimize performance as it works toward a net-zero 

emissions goal by 2050. Rockwell is also investing in next-generation AI for automation 

and predictive insights to further reduce environmental impact in manufacturing. We 

see an expectation that machine learning will increasingly help companies predict and 

prevent sustainability issues (like equipment inefficiencies or supply disruptions) before 

they happen, effectively making supply chains more “self-optimizing.” Digital twins are 

slated for broader use in this predictive, scenario-testing capacity. ABB wants to use dig-

ital twin modeling to better use resources across its global operations.  

 

On the other hand, Rockwell intends to use digital twins for more in-depth supply chain 

simulations to find opportunities for the circular economy and reduce resource use. In 

real life, this could mean that every critical product or process has a virtual copy that 

managers can use to find the greenest and most efficient ways to set up. This concept 

fits the new "smart factory" and "Supply Chain 4.0" paradigms. 

 

Another prominent future theme will be better supply chain transparency and data shar-

ing among the stakeholders. Companies are preparing for increased demands for de-

tailed sustainability info from customers, regulators, and others. To meet this need, they 

are working on digital solutions. A great example is UPM, which is developing a proto-

type for a digital product passport. This is a sneak peek of what is on the horizon, as the 

company plans to roll these passports out more widely once new regulations, like the 

upcoming EU requirements, are in place. With these passports, people can easily access 

a product's sustainability information throughout its lifecycle. We may see widespread 

use of QR codes or blockchain-based certificates accompanying products containing data 
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on origin, carbon footprint, material composition, and end-of-life instructions. Several 

reports suggest exploring blockchain or other decentralized ledgers further to ensure 

this information is tamper-proof and easily shared among partners (even though not all 

have implemented it yet, interest remains high). 

 

Additionally, companies are bringing supplier monitoring together onto a single digital 

platform. For instance, UPM kicked off a “Sustainable Supply Chain Programme” in 2023 

that uses digital KPIs to monitor supplier performance and is looking to boost the per-

centage of spending managed by these systems, which is already at an impressive 89%. 

This indicates future supply chains will likely feature tighter digital integration with sup-

pliers, more significant data transparency upstream, and possibly mandated reporting of 

Scope 3 (supplier) emissions as part of climate targets (indeed, Vaisala notes that over 

99% of its emissions are in the supply chain and is committing to science-based Scope 3 

reductions) 

 

In the context of circular economy innovation, all firms are exploring material and energy 

limits. All of them invest in R&D expenditure in environmentally friendly technologies. 

Metso increased its R&D expenditure (€73 million in 2023) in the processing of battery 

minerals, automation, and artificial intelligence solutions, and will continue to build 

more electrified and hydrogen-ready industrialized equipment in the future part of its 

portfolio. This is one aspect of a trend in product development to keep up with the clean 

energy revolution – i.e., equipment that can be powered by renewable electricity or hy-

drogen fuel to facilitate low-carbon, circular business for customers. Some firms (ABB, 

Schneider, Rockwell) mention exploring renewable energy and carbon reduction tech-

nologies. Rockwell is developing carbon capture and storage solutions and leveraging AI 

to improve the adoption of renewable energy in the industry. ABB is introducing high-

efficiency electrification products and even hydrogen-powered solutions to cut emis-

sions. We also see an emphasis on electrifying transport and logistics: Posti is expanding 

its electric vehicle fleet (integrated with IoT fleet management) to cut delivery emissions, 

and others likely will follow suit as technology and infrastructure improve. Companies 
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like KONE plan to keep using 3D printing for spare parts. They are making their products 

more modular and upgradable to support longer lifecycles, so additive manufacturing 

and circular design are still front and center. By printing only what is needed, where it is 

required, these practices have the potential to significantly decrease waste and give rise 

to new circular business models, such as localized production hubs for remanufacturing 

parts. The notion of Circular Economy 4.0, where digital tech and circular principles 

jointly transform value chains, is becoming tangible in these forward plans. Academic 

discourse suggests that such integration of Industry 4.0 tools with circular models can 

unlock new levels of sustainability performance, and the companies in our sample ap-

pear to be on that trajectory. 

 

Collaboration and ecosystem-building are also significant parts of future strategies. Com-

panies know they cannot change the system independently, so many are teaming up 

with other companies in the same field, tech companies, and even governments. Schnei-

der Electric’s report notes collaboration with industry bodies to develop standard frame-

works for digital sustainability solutions. Rockwell is forming strategic partnerships with 

renewable energy providers and participating in global initiatives (like the World Eco-

nomic Forum’s circular transformation projects). Huhtamaki is partnering with sports or-

ganizations and waste management firms to pilot event zero-waste solutions, linking cir-

cular practices with community engagement. Mirka's participation in the multi-firm 

SHAPE project (with public co-financing) is just one example of how cross-industry eco-

systems are evolving to exchange knowledge and accelerate green innovation. This ex-

amines literature that points to supply chain coordination and cooperation as core driv-

ers of successful digital-circular change. More open platforms and consortia are what we 

might expect, with companies sharing data (maybe using cloud exchanges or blockchain 

networks) to improve traceability or co-invest in recycling plants, which benefit all in-

volved. 

 

Ultimately, businesses consistently reinforce their long-term sustainability commitments 

and the contribution of digital technology to making them possible. Almost all of them 
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have set carbon neutrality or deeply reducing emissions targets (e.g., net-zero by 2030 

or 2050) and growing circular use of materials by some target dates. Achieving those 

goals will inevitably involve ongoing innovation. For example, Schneider is expanding its 

resource recovery efforts and investing further in additive manufacturing to reduce 

waste. Vaisala is growing its cloud-based solutions (such as the Xweather platform) to 

offer environmental intelligence that can support whole industries in cutting emissions 

and adapting to climate threats. The general consensus is that digitalization is not a sin-

gle project but a continuous process. Next-generation supply chains will be more intelli-

gent, automated, and circular in nature. As was stated in one report, the management is 

aware that advanced IT systems "enable efficient operations and optimized performance, 

as well as new customer services" – a positive sentiment behind continued investment 

in digital platforms, AI, automation, and data exchange to support greater sustainability. 

Companies align their innovation roadmaps with the dual goals of competitiveness and 

sustainability. This reflects theoretical arguments that dynamic capabilities in the digital 

age – the ability to continually integrate new technologies and adapt business models– 

will determine firms’ success in advancing circular economy outcomes. In the next ten 

years, intelligent supply networks and circular economy practices will likely become the 

norm. Through AI-enhanced decision-making, real-time transparency, and collaborative 

innovation, the "next generation" of supply chain technology promises to make things 

more efficient and help reach global sustainability goals in ways that have never been 

seen before. 

 

 

4.6 Summary of Key Findings  

The outcomes of the current research study present an in-depth analysis of the role of 

emerging digital technologies in digital supply chains in implementing a circular economy 

strategy. By analyzing the content of 18 multinational companies' sustainability reports, 

essential conclusions have been drawn about technological adoption, transparency, cir-

cular manufacturing, challenges in implementation, and future innovations. Thematic 

analysis reveals that businesses are increasingly utilizing AI, IoT, blockchain, cloud 



96 

computing, big data analytics, digital twins, and additive manufacturing to maximize the 

use of resources, improve traceability, and minimize supply chain waste, although some 

businesses do not utilize this technology in their supply chain. Still, they have this tech-

nology in their company in other areas, which can also be used in the supply chain. 

 

Both opportunities and challenges encourage the circular economy. While emerging dig-

ital technologies support automation, predictive maintenance, and sustainable resource 

management, financial, regulatory, technical, and organizational barriers limit extensive 

take-up. In addition, sectors like manufacturing, logistics, energy, and packaging have 

varying digital maturity in embracing circular economy practices. 

 

This section presents a summary of key findings derived from thematic analysis, catego-

rized under five primary themes presented in Table 6.  
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Table 6 Summary of key findings 

Theme  Key Findings 

Role of DT Companies such as Schneider Electric, ABB, and Rockwell 

AutomaWon extensively integrate IoT, AI, digital twins, and cloud 

compuWng to opWmize supply chains. Valmet and Wärtsilä leverage 

big data analyWcs for predicWve maintenance. UPM and KONE use 

addiWve manufacturing for on-demand producWon, reducing waste. 

Transparency Blockchain-enabled traceability is being used by Stora Enso, UPM, 

and Rockwell AutomaWon to enhance supplier accountability and 

product tracking. AI-powered monitoring by KONE and Metso 

improves operaWonal efficiency. Companies highlight cybersecurity 

as a key challenge in digital transformaWon. 

Waste Management Companies like Mirka, Huhtamäki, and Wipak focus on closed-loop 

producWon, sustainable packaging, and material recovery systems. 

ABB and Wärtsilä integrate digital twins for resource efficiency and 

waste reducWon. AI-driven predicWve maintenance extends 

equipment life cycles and minimizes waste. 

Challenges Financial constraints and regulatory barriers hinder digital adopWon, 

parWcularly for PosW and Logisnext. Technical challenges include data 

standardizaWon issues (Vaisala), cybersecurity risks (Schneider, ABB), 

and the need for supplier alignment (KONE, ABB). OrganizaWonal 

resistance to change is a recurring barrier. 

Impact Traceability AI-driven sustainability analyWcs and digital twin simulaWons are 

expanding in companies like ABB and Rockwell AutomaWon. 

Companies are invesWng in product lifecycle transparency (UPM’s 

digital product passport, blockchain traceability iniWaWves). 

Renewable energy integraWon and electrificaWon of logisWcs fleets 

(PosW) are key future strategies. 
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5 Conclusion and Discussion  

 
5.1 Conclusion  

The research question of this thesis was: What are the key opportunities and challenges 

in implementing digital supply chain technologies, and how can these technologies be 

integrated to achieve circular economy goals? This research analyzes how digital supply 

chains can facilitate the shift toward a circular economy (CE). This research explicitly ad-

dresses the contribution of new digital technologies, which are considered emerging 

technologies or 4.0 technologies, and their application in the supply chain process. The 

study analyzed how 18 multinational firms doing business operations in Finland leverage 

technologies such as artificial intelligence (AI), the Internet of Things (IoT), blockchain, 

digital twins, cloud computing, additive manufacturing, and big data analytics to make 

their companies more circular, efficient, and transparent. The study also identified the 

most significant opportunities and challenges for companies to adopt a digital transfor-

mation of their supply chain in the circular economy. 

 

The findings demonstrate the widespread adoption of digital technologies in manufac-

turing and supply chain processes, a process that is influencing supply chain operations. 

Several opportunities and challenges exist in implementing digital technology in their 

supply chain to produce a circular economy goal. Among them, key opportunities include 

using AI and digital twins for predictive maintenance. The application of blockchain tech-

nology can enhance traceability. Cloud computing enhances data management and 

transparency in data sharing among stakeholders. The use of these technologies helps 

to reduce waste as well as improve resource efficiency and promote closed-loop systems. 

On the contrary, challenges such as financial limitations, regulatory compliance, tech-

nical interoperability, and organizational resistance are indicated, which makes the pro-

cess slow in many cases. Large companies are leading the digital transformation in their 

manufacturing processes and supply chains. Still, small and medium-sized enterprises 
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(SMEs) face difficulties in making digital transformations as they have limitations, which 

are attributed to limited resources and technical capacity. This study found that broader 

collaboration, supportive policies, and scalable solutions are needed to enable organiza-

tions to adopt digital technology in their supply chains and make the supply chain pro-

cess compatible with the circular economy. 

 

Regarding the first research objective, to examine the role of emerging digital technolo-

gies in promoting circular economy efforts within the supply chain, this research ana-

lyzed the company's current situation and how companies adopt and integrate these 

digital technologies in their manufacturing operations and the supply chain. Research 

shows that companies such as Schneider Electric, ABB, Rockwell Automation, and Nokia 

leverage technologies like the Internet of Things (IoT), artificial intelligence (AI), and 

blockchain to improve transparency, efficiency, and traceability. These companies use 

IoT to enable real-time monitoring and asset tracking across the supply chain. Conversely, 

these companies leverage AI to facilitate predictive analytics and enhance their decision-

making capabilities. Blockchain enhances trust and accountability by safeguarding trans-

action records and monitoring material flows. Companies like ABB and Wärtsilä also use 

digital twins to create virtual models of physical systems. Digital twin allows for better 

resource planning, maintenance prediction, and waste reduction. Big data analytics 

helps organizations like Valmet and Metso analyze large datasets to optimize processes 

and reduce environmental impact. Cloud computing is also gaining traction in companies 

like Capgemini and Nokia, which enable scalable data sharing, collaboration, and auto-

mation across supply chain networks. Furthermore, additive manufacturing, adopted by 

UPM and KONE, supports on-demand production and minimizes material waste by re-

ducing excess inventory. These emerging digital industry 4.0 technologies are helping 

companies transition from linear supply chains to digital supply chains to maintain a cir-

cular economy and data-driven systems that focus on resource efficiency, closed-loop 

processes, and sustainable production. 
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The second objective was to analyze the impact of digital technologies on key sustaina-

bility issues, including transparency, traceability, and waste reduction. The study found 

that companies such as UPM, Stora Enso, and Rockwell Automation, for instance, employ 

blockchain to validate raw material traceability and maximize supplier responsibility. 

These digital technologies enable greater product flow and sourcing transparency, allow-

ing for ethical and responsible supply chain management. Metso, Vaisala, Danfoss, and 

KONE all use AI-based decision-making and monitoring systems to improve operational 

efficiency, reduce human error, and allow for predictive maintenance. Companies includ-

ing Schneider Electric, ABB, Nokia, and Wärtsilä are collecting real-time data on equip-

ment performance and environmental variables. This includes energy consumption us-

ing smart sensors and connected devices (IoT). This helps them solve problems faster, 

enhance transparency, and identify difficulties early on. ABB and Wärtsilä, meanwhile, 

test several approaches to using resources or scheduling repairs using digital twins—

virtual copies of machines or systems. This helps minimize the waste of resources and 

prevent unplanned breakdowns of equipment. 

Companies like Valmet and Capgemini rely on data analysis tools to study the vast 

amounts of supply chain information. These tools enable them to streamline processes, 

more precisely forecast consumer needs, and prevent overstretching of products, thus 

minimizing waste. Nokia, Schneider Electric, and Capgemini use cloud computing to im-

prove transparency. It helps them share data clearly and work better with others. UPM, 

KONE, and Mirka use additive manufacturing. This helps reduce waste by making prod-

ucts only when needed. Huhtamäki and Wipak focus on reusing or recycling packaging 

using digital technologies. They use digital tools to support waste reduction. Posti and 

Logisnext use digital systems to lower emissions and manage returns better. This also 

helps with waste reduction. All 18 companies use digital technologies to improve trans-

parency. These digital tools also make traceability better. As a result, companies can track 

their materials and work to reduce waste in their supply chain processes. 
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The third objective was to define a best practice for organizations undergoing digital 

transformation to implement a circular economy. The study found that the best results 

come when companies use many digital technologies together. For example, ABB and 

Rockwell Automation use AI, IoT, cloud computing, and digital twins at the same time. 

This helps them create smart, transparent, and sustainable supply chains. A successful 

plan starts with checking if the company is ready for new technology. Training employees 

is also very important. Companies should improve cybersecurity and ensure their digital 

tools match circular economy goals. Successful companies bring different teams together. 

These include sustainability, IT, operations, and purchasing. Working together makes the 

process smoother. The study also shows that industry rules and shared digital platforms 

can help more companies join the change. Digital transformation makes it easier to 

adopt circular economy practices. Many large companies are already doing this well. 

However, smaller companies still need help. Support, teamwork, and better access to 

technology can help everyone move forward. This will build more substantial and more 

sustainable supply chains. 

 

In conclusion, integrating digital technologies into supply chain operations plays a crucial 

role in driving circular economy goals. This study's findings offer valuable insights into 

how companies leverage these technologies to enhance sustainability and operational 

efficiency. They also emphasize the practical challenges that need to be addressed to 

ensure digital transformation is accessible and effective across various organizational 

contexts. 

 

 

5.2 Discussion  

 

As we know, validity refers to how well this study measures what it intended. At the same 

time, reliability indicates how consistent and stable the research results are over time 

and across different situations. In this thesis, steps were taken to ensure validity and 
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reliability by carefully planning the data collection and analysis process. The research 

objectives and questions were clearly outlined, and the choice of methods aligned with 

the study's aims. The study captured how businesses truly operate by examining sustain-

ability reports from 18 different companies across various industries. Secondary sources 

such as sustainability reports, company disclosures, and annual reports were used to 

support the findings of this research. This method provided a comprehensive view of 

how digital technologies assist companies in adopting circular economy strategies within 

their supply chains. The advancement and application of innovative digital technologies 

will shape the future of digital supply chains and practices in the circular economy. As 

industries shift toward smarter, data-driven, and more sustainable supply chains, more 

research is needed to improve digital adoption strategies, address challenges, and in-

crease the positive impact of these technologies on sustainability. Future studies should 

explore how digital supply chains can support both business success and environmental 

goals in the long run. This exploration should include an investigation of the policy and 

regulatory landscape for digital supply chains, an examination of the Digital Transfor-

mation Challenges for SMEs in Circular Economy Supply Chains, and an evaluation of the 

Impact of Digital Technologies on Circular Supply. Chain Performance, and so on. 

 

This study has limitations because it focuses solely on qualitative content from company 

reports. Although these documents provide useful information on how businesses plan 

and implement new technology, they often emphasize the positive aspects while poten-

tially omitting the negative ones. Additionally, while it is clear that many organizations 

are investing in new technology, it is not necessarily apparent whether they have inte-

grated it into their supply chains just yet. A major shortcoming of the study is that it does 

not use primary data, which would have provided valuable insights from people working 

in the field through surveys and interviews. Because digital technology is developing rap-

idly, some of these conclusions might become obsolete when new innovations and reg-

ulations emerge. 
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Despite its limitations, this study lays a solid groundwork for future research into how 

digital supply chains can drive circular economy transformations. Future research could 

greatly benefit from a mixed-methods approach that combines quantitative analysis 

with direct insights from the industry to add depth to qualitative findings. Additionally, 

longitudinal studies could help track how digital adoption progresses over time and 

assess its real-world impact on sustainability efforts. To conclude, this study has 

simplified the growing importance of digital technologies in supporting circular economy 

strategies while also navigating the challenges and opportunities that companies 

encounter as they shift toward sustainable digital supply chains. The results provide 

valuable insights for business leaders, policymakers, and researchers, showing that 

blending technological innovation with strategic collaboration and regulatory support 

can significantly accelerate the transition to a more circular and sustainable economy. 
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