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The construction sector is a major consumer of natural resources and a significant contributor to environmental degradation through resource depletion, waste generation, and greenhouse gas emissions. As the industry shifts toward sustainable and circular practices, improving material traceability and resource efficiency becomes crucial. Digital Tracking Technologies (DTT) offer a promising solution, yet their adoption in the precast concrete sector remains limited, necessitating an in-depth examination of influencing factors. This study explores DTT adoption in Sweden’s precast concrete industry, addressing a critical gap in understanding how digital technologies support Circular Economy (CE) objectives. By identifying key barriers and drivers, the research provides a holistic view of the challenges and opportunities shaping this transition. A mixed-methods approach was employed, integrating bibliometric analysis, social media sentiment analysis, and stakeholder interviews. Data analysis was conducted using VOS Viewer, Orange Data Miner, and NVivo, while findings were interpreted through a sociotechnical lens. The study utilizes PESTLE and SWOT analyses within the Multi-Level Perspective (MLP) framework to examine dynamics at the niche, regime, and landscape levels. Findings highlight systemic barriers such as high investment costs, fragmented infrastructure, limited knowledge, and cultural resistance. However, opportunities exist, including enhanced operational efficiency, improved information dissemination, CE alignment, supportive policies, and targeted incentives. Innovations like RFID tags, QR codes, and Digital Product Passports can enhance material traceability and circularity. Given regime inertia and landscape pressures, cohesive policy interventions and industry collaboration are essential. This study provides actionable insights for industry stakeholders, policymakers, and sustainability advocates to advance digital innovation and sustainable construction practices.
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1 INTRODUCTION
The construction sector is one of the largest global consumers of natural resources, significantly contributing to environmental degradation through resource depletion, waste generation, and greenhouse gas emissions (Bonoli et al., 2021; Fei et al., 2021). This is rooted in the linear economy (LE) model of the sector, which operates on a “take-make-dispose” approach (Ellen MacArthur Foundation, 2015; Oberle et al., 2019). Thus, transitioning to a Circular Economy (CE) framework, which emphasizes material reuse, repair, and recycling, has become imperative in mitigating these adverse impacts (Ellen MacArthur Foundation, n. d). This shift not only promotes sustainable resource use but also minimizes environmental impact, improves waste management practices, and advances several United Nations Sustainable Development Goals (SDGs) (Ellen MacArthur Foundation, 2015; Eurostat, 2023; European Environmental Agency, 2024).
Sweden, a global leader in climate neutrality, has made considerable strides in reducing greenhouse gas emissions and fostering sustainable urban development (RE:Source, 2022). However, the construction sector continues to pose major environmental challenges. Accounting for 125 million tonnes or ca 47% of the country’s material consumption and generating approximately 14 million tonnes of waste annually, this sector is the second largest waste producer after the mining industry (Zakrisson, 2018; RE:Source, 2022). This highlights the urgent need for the Swedish construction sector to shift from a linear to a circular model to help close the nation’s Circularity Gap and support its ambitious sustainability targets (RE:Source, 2022).
Concrete is a dominant construction material, which is valued for its durability and strength (Babor et al., 2009). However, its highly resource-intensive production process contributes significantly to CO2 emissions. Cement alone is responsible for nearly 8% of global CO2 emissions (Andrew, 2018; Habert et al., 2020; Statista, 2023). Consequently, these environmental impacts pressure the industry to explore lower-carbon, traceability, and circularity-focused alternatives (Habert et al., 2020; Nilimaa, 2023). One such alternative is the pre-casting of concrete in controlled environments, which aims to mitigate some of the environmental challenges (Wong and Loo, 2022). However, it also presents unique operational, logistical, and storage challenges as it heavily relies on modular components that require precise tracking from production to installation (Wong and Loo, 2022; Liu and Zainul Abidin, 2024).
The shift toward circularity in construction is emphasized in the European Parliament’s harmonized rules for marketing construction products (European Union, 2023). This regulation stresses the importance of sustainable practices, aiming to reduce environmental impact by promoting resource efficiency and lifecycle management of construction materials. Given this, digital innovation has emerged as a crucial enabler of transformation within the construction sector (UNEP, 2023). Initial tools like Computer-Aided Design (CAD) laid the groundwork for this digital shift (Javaid et al., 2022), which has evolved to include advanced systems such as Building Information Modelling (BIM) (Biswas et al., 2024), the Internet of Things (IoT) (Giovanardi et al., 2022; Shishehgarkhan et al., 2024), and real-time tracking technologies that improve material flow and asset management (Zhao et al., 2017; Daniotti et al., 2022). A key advancement within the BIM framework is the integration of digital twins, which streamline construction management and maintenance processes, ultimately enhancing operational efficiency (Nguyen and Adhikari, 2023; Jiang et al., 2024). This evolution aligns with the Green Deal and the Circular Economy Action Plan (CEAP) of the European Union. These initiatives not only advocate for resource efficiency and emissions reduction, but also introduce the Digital Product Passport (DPP) as a transformative mechanism to ensure traceability, transparency, and material reuse across industries (European Commission, 2020; 2021).
Recent studies have highlighted the emergence of Digital Tracking Technologies (DTT) to facilitate circular construction practices by enhancing traceability, transparency, and compliance, while enabling data-driven decision-making (Camodeca and Almici, 2021; Del Rio et al., 2021; Davari et al., 2023). Despite the potential benefit of these technologies, their broader implementation globally has been slow (ECSO, 2021; Wuni, 2022; Dervishaj et al., 2023; Davari et al., 2023; Sepasgozar et al., 2023; Giovanardi, 2024) due to technical constraints, financial limitations, cultural resistance, and a shortage of skilled expertise (Gerhardsson et al., 2020; Lobo et al., 2021; Kaufman et al., 2022; Thirumal et al., 2024). Sweden has an advanced digital infrastructure to achieve various sustainable development goals (Business Sweden, 2022; RE:Source, 2022; UNEP, 2023), but still the adoption of DTT in the construction sector is slow.
This study examines the adoption of DTT in Sweden’s precast concrete sector using a mixed-method approach to examine both macro-environmental factors and stakeholder perspectives. By combining bibliometric analysis, social media sentiment analysis, and expert interviews to capture the trends, barriers, and opportunities related to DTT adoption, the study offers a holistic understanding of the dynamics driving DTT adoption in the context of CE practices. To further contextualize the findings, the study applies the socio-technical transition (STT) framework. A socio-technical system involving diverse stakeholders, institutions, and technologies faces unique challenges in adapting to change due to the long lifespan of buildings and decentralized decision-making (Gerhardsson et al., 2020; Vogel, 2020; Kaufman et al., 2022). Digital transformation in this context requires more than mere technological adoption; it demands a culture of continuous change, exploration, experimentation, and the strategic use of emerging tools to drive sustainability (Herbert, 2017). Social acceptance of digital tools and shifting attitudes toward technology, influence user interactions and propel the evolution of STT (Graf-Vlachy et al., 2018).
The Multi-Level Perspective (MLP) is a widely used framework in sociotechnical transition studies, which illustrates the dynamic relationships between niche innovations (e.g., DTT), stable societal practices and regulatory structures (regimes), and the contextual factors (landscapes) (Geels, 2002; 2011). These transitions involve changes in technology, user practices, infrastructure, regulatory frameworks, and symbolic meanings (Geels, 2002; Schot and Geels, 2008). Previous research has applied MLP to sustainability transitions in energy, low-carbon initiatives, and governance (Li, 2020; Kanger, 2021; Jayaraj et al., 2024). However, studies focusing on transitions in the construction industry, particularly in the precast concrete sector, remain limited. While several frameworks and strategies exist to guide digitalization and CE transitions within the EU, including the Digital Product Passport (DPP) and various BIM-based solutions, a comprehensive analytical framework integrating both PESTLE and SWOT analyses in the Swedish precast concrete sector has yet to be established. Most existing studies on digitalization of the construction sector focus on the technical aspects of individual technologies, such as BIM, IoT, RFID, and blockchain, while overlooking the broader socio-technical dynamics that consider macro-environmental influences and stakeholder interactions (Teisserenc and Sepasgozar, 2021; Giovanardi et al., 2022; Dervishaj et al., 2023; Dervishaj and Gudmundsson, 2024; Giovanardi, 2024). This narrow focus creates a significant knowledge gap in the role of socio-technical interactions in the transition to digitalization of the construction sector, especially the precast concrete sector. To address these research gaps, this study applies the PESTLE-SWOT approach in conjunction with the MLP framework as a foundation to provide a holistic understanding of the trends, opinions, and dynamics influencing the adoption of DTT in the Swedish precast concrete sector.
2 MATERIALS AND METHODS
The study adopted a deductive approach, which emphasizes the progression from theoretical foundations to empirical validation (Bryman and Bell, 2015). The MLP framework served as the theoretical framework, providing a structured approach to examining socio-technical interactions across niche, regime, and landscape levels. The dynamics of the sociotechnical interactions were analyzed through PESTLE (Political, Economic, Social, Technological, Legal, and Environmental) and SWOT (Strengths, Weaknesses, Opportunities, and Threats) frameworks. These methods have been previously applied in studies, such as assessing sustainability in adaptive reuse projects (Vardopoulos et al., 2021) and analyzing strategies for the deep renovation of detached housing markets (Mainali et al., 2021). PESTLE identified macro-environmental factors, such as regulatory, technological, and societal pressures, while SWOT examined internal and external dynamics (Gurel and Tat, 2017; Rastogi and Trivedi, 2022). This integrated, multi-layered methodology enabled a robust examination of systemic drivers and barriers within the Swedish precast concrete sector, while also capturing broader trends and challenges across the construction industry.
A mixed-method approach, integrating both quantitative and qualitative data, facilitates a comprehensive analysis of a research problem (Creswell, 2014). This method was organized into three steps: bibliometric analysis identified research trends and clusters, social media analysis provided insights into industry attitudes and public discourse, while expert interviews offered in-depth perspectives from key stakeholders.
2.1 Bibliometric analysis
The bibliometric analysis aimed to uncover existing barriers and opportunities linked to the adoption of Digital Technologies (DT) by examining academic abstracts sourced from Scopus and Web of Science databases. The following search string was utilized to capture relevant publications: “(“circular economy” AND (digit* OR “industry 4.0 OR passports) AND (barrier OR challenge OR problems OR limit* OR opportunities OR benefits OR possibilities) AND (construction* OR concrete* OR “built environment”)).” From the initial search, 168 articles were identified in Scopus, and 83 in Web of Science. These results were refined based on publication year (2010–2024) and relevance to identifying barriers and opportunities in adopting DT for circularity in the construction sector. After applying this criteria, 31 articles from Scopus and 10 from Web of Science were selected. The dataset was further refined by merging both sources and removing 15 duplicates, resulting in a core set of 26 unique articles. To ensure a focus on peer-reviewed academic and industry-relevant research, only journal papers and conference proceedings were included in the final selection. A snowballing technique by reviewing references from the selected articles was applied to expand the dataset, which led to the inclusion of 31 additional sources, resulting in a final dataset of 57 articles. These were then exported in RIS format and analyzed using a VOS viewer to generate a keyword co-occurrence map. This map provided visual insights into key themes and clusters, facilitating a nuanced understanding of the interaction between DT and CE in construction. Each identified cluster was interpreted and mapped to the corresponding MLP level in the STT, offering a foundational insight into trends, drivers, and barriers surrounding DT adoption in the broader construction industry.
2.2 Social media analysis
Social media posts from Facebook, X (formerly Twitter), and LinkedIn were scraped to assess sentiments toward DT adoption for CE in the construction industry. The majority of the authors of these posts were professionals and industry practitioners, all within the construction industry, with only a minimal number of contributions from academic researchers. Similar to Tsironis et al. (2024), who scraped LinkedIn posts to identify common CE practices, this study collected posts using targeted search phrases, such as “Digital technologies + Circular Economy + Construction,” “Digitalisering + Byggbranschen + Spårbarhet,” “Digitalisering Byggbranschen för Cirkulär ekonomi,” and “#Digitalisering #Byggbranschen.” Orange Data Miner, an open-source software created for interactive data visualization, machine learning, and data analysis (Demšar and Zupan, 2013; Ljubljana, no date) was used for the analysis. While its application for data analysis in engineering studies remains scarce, Orange has been widely utilized in computing, geoinformatics, and social sciences (Tiwari et al., 2023; Dobesova, 2024). Following a manual data cleaning, a structured text analysis workflow (illustrated in Figure 1) was applied to analyze a total of 241 social media posts. The process began with importing the text dataset into the corpus module, where the raw text was preprocessed to remove inconsistencies and improve readability. Next, the preprocessed text was passed into the Sentiment Analysis module, which evaluated the emotional tone of the posts and categorized them as positive, neutral, or negative (Dang and Ahmad, 2015; Tang and Feng, 2019; NLTK Sentiment Analysis Tutorial: Text Mining & Analysis in Python, no date). The model assessed the text polarity using a range from −1.0 (negative) to 1.0 (positive). To visualize key patterns, the data was further analyzed using multiple modules in the Data Miner workflow:
• A Word Cloud (Figure 3) was generated to highlight the most frequently occurring terms.
• A Sentiment heat map (Figure 4) provided a structured representation of sentiment distribution across different categories.
• A Data Table enabled further inspection of textual data, allowing for group-based and categorical analysis. While the Corpus Viewer facilitated manual exploration of the processed text data.
[image: Figure 1]FIGURE 1 | Workflow diagram illustrating the text analytics process used for social media analysis with the Orange Data Mining software.
These visualizations helped capture sentiment trends, identify discussion themes, and highlight key topics relevant to DT adoption for circularity in construction. This analysis also supported the MLP framework, linking positive sentiments to potential opportunities or drivers and negative sentiments to perceived barriers in the adoption of DTs.
2.3 Stakeholder interviews
Semi-structured interview has flexibility to explore a specific topic in detail (Adams, 2015), while purposive sampling is appropriate to obtain in-depth insights from participants with relevant expertise, ensuring a comprehensive understanding of the research problem (Bryman and Bell, 2015). Therefore, a purposive sample of 10 participants was chosen, following the guidance of Galvin (2015), who recommends a sample size of six to nine participants for key reliable results. Participants were chosen for their expertise in DT, DTT adoption, and CE practices in Sweden’s precast concrete sector. This included heads of three precast concrete manufacturing companies, three technology providers, one architect, one BIM expert, and two CE and digitalization experts. All participants were briefed on research objectives, data handling, and confidentiality measures. This approach ensured the collection of rich, relevant data that complements broader analyses. A thematic analysis of the interview data was conducted using NVivo software. This step involved systematically coding the responses, identifying key themes related to the barriers and drivers of DTT adoption, and interpreting these themes in the context of CE practices. These coded themes were exported to the Python programming IDE to generate a heatmap. The analysis followed the six-phase process as outlined by Braun and Clarke (2012), ensuring a rigorous approach. The thematic analysis specifically focused on the PESTLE factors influencing DTT adoption in the precast concrete sector. This process was done to critically understand the external and internal sociotechnical dynamics influencing the adoption.
2.4 Data triangulation and merging strategy
To ensure the validity and reliability of the findings, data and methodological triangulation as established by Jick, (1979) were applied. This process integrated insights from all three steps to identify key themes (i.e., the barriers and drivers), and effectively mapped them across PESTLE, SWOT, and MLP frameworks. This triangulated approach provided a comprehensive, multi-layered understanding of the research problem, supporting well-grounded conclusions and actionable recommendations for advancing DTT adoption and CE practices.
3 RESULTS
This section presents and discusses the findings from the multi-method analysis from bibliometric analysis (keyword co-occurrence map), social media analysis, and interview insights.
3.1 Key themes from bibliometric analysis
The bibliometric analysis with the aid of VOS viewer generated a keyword co-occurrence map (Figure 2), which provides a structured overview of interconnected themes related to the barriers and opportunities in adopting DT for CE in the construction sector. Given the limited literature specifically addressing DTT in this area, the analysis was expanded to include broader discussions on DT within the construction sector. The analysis identified six interconnected clusters; each assigned a title reflecting their central theme (as illustrated by circles in the figure). These themes are critically analyzed below in relation to the research objective and interpreted through the different MLP levels. The interconnectedness of these clusters reflects similarities in the work of the corresponding authors and the systemic nature of challenges and solutions, emphasizing the need for integrated approaches to address CE objectives.
[image: Figure 2]FIGURE 2 | A keyword co-occurrence map for the analyzed 57 Academic literature.
3.1.1 Digitalization as an enabler of circular economy (CE)
This cluster highlights keywords such as “digitalisation,” “waste management,” “building industry,” and “blockchain technology.” A study by Rodrigo et al. (2023) discusses how these DTs streamline resource optimization by addressing inefficiencies, while Çetin et al. (2022) identify DTs like digital twins and scanning technologies as key drivers for sustainable construction practices. Furthermore, Teisserenc and Sepasgozar (2021) emphasizes the importance of digitalization in material tracking, waste management, precise data management, and lifecycle analysis. Few studies by Trevisan et al. (2023) and Munaro and Tavares (2023) illustrate how DTs overcome systemic barriers such as inefficiencies in construction workflows, while Honic et al. (2019) argue that integrated digital solutions foster stakeholder collaboration and advance broader CE objectives. Collectively, these tools contribute to landscape, regime, and niche-level transformations. Digitalization is both a transformative force and an integral part of an evolving industry, reshaping norms, opening new avenues for CE, and supporting sustainable goals within the prefab concrete and construction sector. However, systemic incentives remain necessary to bridge the gap between potential and actual implementation (Munaro and Tavares, 2021).
3.1.2 Data and information management
Effective data management is necessary for successfully adopting DT in construction (Honic et al., 2019; Bellini and Bang, 2022). Keywords like “data,” “information,” “BIM,” and “material passport” emphasize the criticality of structured data systems for enabling CE (Kedir et al., 2021; Q; Liu et al., 2022). Accurate tracking of materials from production to end-of-life and material passports enhances traceability, reusability, and recyclability of construction materials (Kedir et al., 2021; Munaro and Tavares, 2021; Mêda et al., 2023). However, the fragmented integration of such tools (Honic et al., 2019) as well as data interoperability issues and inconsistent data-sharing practices (Bellini and Bang, 2022) limit cross-stakeholder collaboration, which hinders the broader adoption of DT and seamless CE practices. Reflecting the regime and niche level of the MLP, this cluster underscores the need for industry-wide standards and consistent practices to unlock the full potential of structured data systems for CE.
3.1.3 Transition to circular economy (CE) and barriers to digital technology integration
The transition from linear to circular business models represents a paradigm shift, requiring the adoption of innovative business models, restructured workflows, and enhanced digital infrastructures. However, significant challenges including data management, limited access to reliable data (Bellini and Bang, 2022), and integrating DT into construction practices persist (Munaro and Tavares, 2021). Keywords such as “transition,” “circular economy,” “digital technologies,” and “role” in the transition cluster (dark blue) along with “infrastructure,” “understanding,” “production,” and “sector” in the challenges’ cluster (red) highlight the reconfiguration of norms and processes alongside barriers such as infrastructure deficits, high costs, and interoperability issues. Overcoming the challenges of a shift from the entrenched linear models to circular models requires institutional flexibility and governance frameworks to incentivize collaboration (Munaro and Tavares, 2021). The lack of cohesive policy alignment across regions often leads to piecemeal efforts, and therefore there is a need for an integrated policy environment to overcome such regulatory barriers and drive systemic change (Adriana Hofmann Trevisan et al., 2023). While Liu et al. (2022) proposed a framework identifying critical digital functions for circularity, achieving scalability remains challenging. This cluster highlights that resistance to DT adoption stems from entrenched practices and structures at the regime, requiring significant investments in infrastructure, training, and policy integration at the landscape level to overcome these barriers.
3.1.4 Digital technologies for tracking and waste management
Focusing on material lifecycle tracking and waste management, the yellow and orange clusters align closely with the core principles of CE, with keywords like “QR codes,” “IoT,” and “RFID.” Dervishaj et al. (2023) explored the integration of tracking technologies with BIM to support reuse strategies for prefabricated concrete components. Additionally, Jiang et al. (2023) emphasize blockchain’s potential for creating secure and traceable material flows, though technological complexity and cost barriers hinder widespread adoption. Although Uçar et al. (2020) identified IoT-enabled systems that facilitate efficient waste segregation and recycling, yet these innovations are not widely adopted across the industry for CE practices and face regulatory and industry uptake challenges. Coordinated efforts are essential to scale these technologies and integrate them into mainstream waste management practices, as they hold significant potential for supporting circular practices by improving material traceability and accountability.
3.1.5 Traceability and transparency for circular economy
With circular economy as the central focus, terms such as “traceability,” “transparency,” and “sustainability” indicate the importance of robust frameworks to verify material flows and ensure accountability for achieving CE across the entire supply chain. Studies such as Rahel Kebede et al. (2023) present a framework for implementing Digital Product Passports (DPP) for improved and detailed data sharing and tracking of material flows, ultimately for transparency purposes. However, Katenbayeva et al. (2016) highlight that achieving transparency requires addressing significant data accessibility and privacy concerns. This cluster can be positioned between niche innovations and regime levels as they are emerging innovations in the digital space. This reveals a paradox: while traceability tools are critical for CE, their effectiveness depends on achieving industry-wide data-sharing agreements, often constrained by competitive industry and regulatory barriers.
3.1.6 Strategy and future research in the circular economy
This cluster highlights the importance of strategic initiatives and future research to address gaps in CE implementation. Keywords such as “circular economy strategy,” “ future research,” and “digital function” reflect the ongoing quest for clear pathways and actionable solutions. Benachio et al. (2020) call for localized material banks and digital inventories to support CE practices. Munaro and Tavares (2021) emphasize aligning policy and research agendas to facilitate the transition to circular models. Furthermore, Teisserenc and Sepasgozar (2021) note that cross-disciplinary collaboration is often lacking, limiting the scalability of strategic efforts. This cluster stresses the need for bridging research and practice to ensure that strategic initiatives result in tangible outcomes, aligning with the transition to circularity.
3.2 Social media analysis
3.2.1 Key themes identified from social media discussions
The word cloud visualization, as shown in Figure 3, highlights key topics frequently discussed concerning DT within the construction industry, with prominent words like “circular economy,” “sustainability,” “digital technologies,” and “construction” indicating a clear focus on aligning DT with circular economy principles. These terms reflect broader societal pressures and shifts toward sustainability and resource conservation, which drive DT adoption. Meanwhile, words like “materials,” “management,” “efficiency,” and “energy” point to specific operational areas where DT could enhance resource efficiency and traceability, aligning with established industry practices. Additionally, terms such as “innovation,” “environmental,” “industry,” and “future” suggest that stakeholders see DT as a forward-looking approach to modernizing the construction sector. The presence of these terms highlights both niche innovations and the integration of DT within existing industry norms. However, the appearance of words like “challenges” and “critical” indicates that, while there is substantial interest in digital transformation, significant perceived obstacles remain, reflecting the barriers that need to be overcome for DT adoption to gain traction across the broader construction industry.
[image: Figure 3]FIGURE 3 | A word cloud visualizing the key themes identified from social media analysis.
3.2.2 Sentiment distribution on social media: Insights from heatmap and bar chart
The heatmap in Figure 4 visualizes the intensity and distribution of sentiments across social media posts on DT adoption in the construction industry. The first calibrated line aggregates all posts, while the first three labeled rows break down the presence of positive (row 1), neutral (row 2), and negative (row 3) sentiments within individual posts. The final row, labeled “compound,” represents the overall sentiment of each post, ranging from strongly negative (−0.8053, blue) to neutral (0, white) and highly positive (1, red). This structure allows for a nuanced understanding of how sentiment varies across discussions, with the compound score providing a conclusive measure of each post’s prevailing tone. These insights are further supported by specific excerpts from social media posts, which illustrate the sentiment categories in more detail:
[image: Figure 4]FIGURE 4 | Heatmap of sentiment distribution across 241 social media posts.
3.2.2.1 Positive sentiment (151 occurrences)
Most posts reflect a positive sentiment, indicating optimism about the potential of DT generally to drive circularity. For instance, one post states:
“The potential of Building Information Modelling (BIM) and digital twin technologies in the construction industry highlights the benefits of using BIM and digital twins, such as improved collaboration, increased efficiency, enhanced stakeholder engagement, and sustainability through the application of circular economy principles.”
This post is categorized as positive due to its emphasis on the benefits of DT, such as improved collaboration, increased efficiency, and sustainability. Keywords like “improved,” “increased,” “enhanced,” and “sustainability” contribute to the positive sentiment score, illustrating that social media users see DT as an enabler of better practices and sustainable outcomes in the industry.
3.2.2.2 Neutral sentiment (77 occurrences)
A considerable portion of posts falls into the neutral category, suggesting that while there is interest in DT, many discussions are still exploratory or cautious. A representative excerpt includes:
“I have been guilty of some sweeping reasoning about how the construction industry is far behind the manufacturing industry in digitalization. But Y has a more nuanced view, and I learned a lot during our conversation. Go in and listen.”
This post reflects a neutral sentiment because it does not explicitly endorse or criticize DT. Instead, it suggests an evolving understanding and a balanced view. The absence of strong positive or negative words aligns with the sentiment score, indicating an objective or observational tone. This neutrality could suggest that many stakeholders are still in the information-gathering phase regarding DTT.
3.2.2.3 Negative sentiment (13 occurrences)
A smaller proportion of posts express negative sentiment, highlighting specific challenges or criticisms related to DT adoption. An example of such a post reads:
“We identify challenges in retrofitting digital technologies to existing structures and emphasize the need for a unified digital transformation strategy and increased cross-industry collaboration.”
This post is categorized as negative due to phrases like “identify challenges” and “need for a unified strategy,” which underscore the difficulties and strategic gaps in adopting DTT. Words like “challenges” and “need” contribute to negative sentiment, reflecting concerns over integration difficulties and the lack of cohesive digital strategies.
3.3 Stakeholder interview
The content analysis of the stakeholder interview is presented in the form of a heatmap in Figure 5. It visualizes the frequency of mentions (from 10 stakeholders) for both barriers and drivers of DTT within the context of circularity in Sweden’s prefabricated concrete sector. A deeper colour represents a higher frequency of responses. Each barrier and driver are categorized according to the PESTLE framework, allowing for a structured analysis of the factors influencing DTT adoption. These PESTLE categories will be further examined to assess the implications of each factor, with insights triangulated against findings from previous analyses to create a comprehensive understanding of the sector’s challenges and enablers for achieving a CE. Several key observations emerge from the heatmap analysis:
[image: Figure 5]FIGURE 5 | Heatmap of barriers and drivers identified through thematic analysis of stakeholder interviews.
3.3.1 High-Frequency Barriers
Among the most frequently mentioned barriers are limited stakeholder awareness (9 mentions), reliance on established traditional practices (8 mentions), difficulties in integrating DTT (8 mentions), high investment costs (9 mentions), and lack of IT competence (6 mentions). These factors suggest that, despite recognition of DTT’s potential, resistance from conventional structures and limited awareness serve as substantial impediments to progress.
3.3.2 High-Frequency Drivers
Conversely, a positive attitude towards sustainability (10 mentions), the data-driven nature of DTT, knowledge/awareness, and rising demand for sustainable practices stand out as major drivers. These opinions reflect a growing shift toward sustainable practices, highlighting a crucial motivational factor for adopting digital solutions within the sector.
4 DISCUSSION
4.1 PESTLE analysis
4.1.1 Political and legal factors
The regulatory environment and policy frameworks play a critical role in driving the adoption of DTT. Interviews revealed that policymakers significantly shape this landscape, with initiatives like the EU Green Deal promoting innovation and enforcing environmental compliance standards. However, regulatory and permitting challenges remain formidable barriers to DTT adoption. Given DTT’s intersection with compliance-heavy sectors, such as the precast concrete industry, companies face stringent regulatory requirements that complicate implementation. One participant noted, “Meeting regulatory requirements often complicates the DTT process; however, we recognize that compliance is also a motivator in aligning with sustainable practices.” This dual role of regulations indicates their complexity: while they pose hurdles, they also create structured frameworks encouraging sustainable practices. Legal compliance, therefore, serves as both a barrier and a driver, pushing companies toward responsible adoption of DTT. Additional challenges and threats include trust and privacy concerns, data control issues, warranty and liability uncertainties, and policymakers’ hesitance to enforce stricter regulations. These factors, compounded by unclear guidance on material tracking, hinder progress. Studies, such as Thirumal et al. (2024) and Trevisan et al. (2023) identified from the bibliometric analysis, have highlighted a lack of cohesive policy alignment and inadequate management support as significant obstacles to adopting innovations for CE, such as DTT. These insights highlight the need for clearer regulations and streamlined permitting processes, as well as the need for institutional and governmental incentives to drive systemic change (Munaro and Tavares, 2021). Social media discussions also reflect the political dynamics at play. Terms such as “strategy,” “Sweden,” and “European,” which appeared prominently in word cloud analyses, emphasize the influence of national and regional strategies on CE initiatives. While regulations and building codes like the EU Energy Performance Directive (EPBD), Swedish Building Code (BBR), and the Construction Products Regulation (CPR) encourage resource management, they fall short of mandating digital material tracking. This regulatory limitation constrains the full integration of DTT in the sector.
4.1.2 Economic factors
Economic and market-related challenges are key barriers to implementing DTT, especially for smaller companies. Interviews highlighted the significant time and financial investments required to integrate DTT into existing systems and circular practices. All the respondents (9/10) except one sustainability and digitalization expert emphasized the high costs, and time demands of tracking building materials, with one participant noting: “Mostly money and time, because just tracking and tracing the material is costly.” Smaller companies face additional obstacles, including limited resources, insufficient infrastructure, and capital, which hinder their ability to adopt advanced technologies and comply with regulations. Additionally, the terms “economic” and “infrastructure” on social media word cloud and bibliometric keyword map, further emphasize the infrastructural challenges in adopting DT generally. These challenges may arise from the high costs of upgrading existing systems, limited technological readiness, and fragmented digital infrastructure across companies in the construction sector. Despite acknowledging the investment challenge, the Software/Technology Providers expressed optimism about the economic potential of DTT. One provider remarked, “Investment in digital tools enhances operational efficiency and can yield significant Return on Investment (ROI) when applied correctly.” The respondents also view digital transformation as essential for maintaining competitiveness, as clients increasingly expect digitally enabled services. These findings align with previous studies that identify financial constraints as critical barriers to adopting advanced digital solutions (Lobo et al., 2021; Dervishaj et al., 2023). Similarly, insights from the bibliometric analysis (Munaro and Tavares, 2021) highlight the importance of adequate infrastructural investment to facilitate the adoption of DT. Interestingly, despite widespread concerns about costs, only one respondent mentioned incentives as a driver for long-term adoption. This raises important questions about whether there are implicit regulatory restrictions limiting access to public funding such as grants, regional funding programs and tax rebates for green innovations or if the industry is generally unaware of the available financial support mechanisms. These types of financial incentives might alleviate the burden on individual companies and encourage consensus and standardization in how such work is undertaken.
4.1.3 Social and cultural factors
Industry attitudes toward sustainability and technology adoption vary widely, shaped by regime-level cultural and organizational norms. A positive attitude toward sustainability emerged as a key driver for DTT implementation. Social media analyses further reinforced this strength, revealing widespread enthusiasm and approval for CE initiatives. However, the Swedish construction industry’s complexity, marked by diverse projects, processes, and actors creates unique challenges. As (Bygballe and Ingemansson, 2014; Gerhardsson et al., 2020; Vogel, 2020) note, that the heterogeneity of the sector necessitates multi-level interactions among developers, contractors, building owners, and consultants, each with varying levels of digital maturity. Traditionally, the industry is known to be resistant to change and sceptical toward innovation (Akintoye et al., 2012; Gerhardsson et al., 2020). A notable knowledge gap within the industry further exacerbates these challenges, as stakeholders often lack a clear understanding of DTT’s functionality, benefits, and implementation pathways. This gap is particularly pronounced among traditional actors such as precast concrete manufacturers, who perceive DTT as disruptive. One concrete manufacturer observed, “There’s a strong reliance on traditional methods, and many stakeholders are not convinced of the value digital systems bring.” Such views highlight not only entrenched practices but also the absence of comprehensive awareness and education about DTT’s potential to transform operations and improve sustainability outcomes. On the other hand, Sustainability and Digitalization experts expressed optimism, noting growing acceptance of digital standards and a collaborative mindset among stakeholders. One expert stated, “Stakeholders are beginning to see these tools as essential for achieving sustainability goals.” This cultural divide shows the need for education, case studies, and collaborative approaches to bridge gaps and foster industry-wide acceptance of DTT. Themes of knowledge sharing and collaborative learning, as seen in word cloud analysis and bibliometric analysis (Bellini and Bang, 2022), and the interviews appeared as both drivers and barriers of adoption. This dynamic interplay of actors and attitudes illustrates the social complexities inherent in the transition toward digital and sustainable practices in the construction industry. These barriers further align with studies showing the construction sector as one of the least digitized industries, hampered by attitudinal and cultural resistance (ECSO, 2021; Munaro and Tavares, 2021; 2023).
4.1.4 Technological factors
The data-driven nature of DTT emerged as a key technological strength, enabling enhanced operational efficiency and circular practices. However, barriers identified in the bibliometric analysis (Honic et al., 2019; Teisserenc and Sepasgozar, 2021; Bellini and Bang, 2022) were also evident in the interview findings, particularly among concrete manufacturers. These challenges include difficulties with data integration and adapting to new technologies. One respondent remarked, “Integrating digital systems into our traditional processes is challenging and disrupts our current operations.” This reflects a hesitance to move away from established practices, highlighting the need for technologies that seamlessly integrate into existing workflows to minimize disruptions. In contrast, Software/Technology Providers highlighted the transformative potential of DTT. They emphasized its ability to enhance operational control, track materials, and enable innovative design solutions. As one provider stated, “Digital systems allow us to monitor and optimize operations in real-time, which is a game-changer for our clients.” The architect and AEC expert also echoed this, noting that new technologies enable innovative design solutions that can flexibly respond to evolving client needs. These suggest that while some stakeholders see DTT as disruptive, others perceive it as transformative, enhancing operational efficiency and flexibility. Existing studies further support these findings, emphasizing the importance of digital solutions like asset tracking and resource management in promoting CE practices (Zhao et al., 2017; Uçar et al., 2020; Daniotti et al., 2022; Thirumal et al., 2024). Additionally, the word cloud and bibliometric keyword co-occurrence map prominently featured terms such as ‘digital,’ ‘technology,’ and ‘innovation,’ alongside emerging technologies like ‘RFID,’ ‘blockchain,’ ‘material passports,’ ‘QR codes,’ and ‘IoT.’ These tools are recognized for their potential to transform conventional practices, enabling real-time monitoring, improved resource management, and the reuse of materials through DTT (Zhao et al., 2017; Camodeca and Almici, 2021; Del Rio et al., 2021; Kedir et al., 2021; Munaro and Tavares, 2021; Daniotti et al., 2022; Davari et al., 2023; Mêda et al., 2023).
4.1.5 Environmental factors
Environmental drivers, including the rising demand for sustainable practices and waste reduction, strongly support DTT adoption. Organizations increasingly view DTT as a critical tool for achieving sustainability goals amid societal and market pressures for greener practices. One participant emphasized, “Sustainability is becoming a non-negotiable standard, and digital solutions are seen as a viable means to achieve it.” Findings of Camodeca and Almici (2021) and Del Rio et al. (2021) further highlight the environmental benefits of DTT, such as improved resource management, waste reduction, and material recycling, aligning with the 2030 Sustainable Development Goals (SDGs). The word cloud and keyword map reinforced this environmental focus, with terms like “circular economy,” “recycling,” and “sustainability” dominating the industry, academic, and social media discourse. Digital solutions enable precise material tracking, quality control, and smarter production practices, fostering the transition to circular and sustainable approaches.
4.2 SWOT analysis
The PESTLE factors identified are grouped into Strengths (S), Weaknesses (W), Opportunities (O), and Threats (T) within the SWOT framework (Table 1), providing a comprehensive evaluation of the dynamics of the change process driving digitalization in the prefab concrete sector. A key insight from this analysis is the interaction between internal barriers (Weaknesses-W), external opportunities (O), and external barriers (Threats-T), which provides a clear pathway for stakeholders to address barriers. For example, high investment costs and resource limitations in smaller companies (W2 & W3) often hinder their ability to adopt innovative technologies. However, these challenges present opportunities for targeted incentives or government support (O3) to alleviate financial burdens. Similarly, regulatory and permitting challenges (T1) can be addressed by leveraging environmental policies like the EU Green Deal (S1), which may drive innovation.
TABLE 1 | Summary of PESTLE factors in the SWOT framework.
[image: Table 1]To overcome these barriers, different industry stakeholders can take distinct approaches. Small concrete manufacturers, for instance, could benefit from government incentives (O3) and strategic collaborations (O8) to reduce high adoption costs and expand access to digital technologies. Larger manufacturers, with more resources, could lead industry-wide initiatives to integrate digital technologies and share knowledge across the value chain, supporting smaller companies in the process. Technology providers can capitalize on opportunities to improve stakeholder collaboration (O8), ensuring that digital solutions are adaptable to the diverse needs of the market and can be integrated more easily into existing processes. Meanwhile, policymakers can promote a supportive environment by enforcing regulations that incentivize digital adoption and circular practices while providing guidance to ease regulatory challenges (T1) and support the adoption of new business models. Addressing the complex network of actors (W11) and the need for significant mindset shifts (W12), overcoming resistance to change (T2) will require stronger stakeholder engagement and education initiatives (O6 & O8), focusing on building trust and creating a unified vision for the digital transformation of the sector. This multi-faceted approach will enable the industry to capitalize on opportunities while mitigating the challenges that hinder the adoption of digital technologies for circular economy practices.
4.3 MLP dynamics
The integrated PESTLE and SWOT analysis identified that the Swedish prefab concrete sector, like the broader construction industry, operates within a complex socio-technical system in which dynamics at the landscape, regime, and niche levels interact and shape the digital transformation trajectory for circularity (Vogel, 2020). This interaction illustrated in Figure 6 represents subcategories of the observed barriers and drivers from the study.
[image: Figure 6]FIGURE 6 | A diagram illustrating the subcategories of observed barriers and drivers according to the three MLP levels.
At the landscape level, overarching drivers such as global climate and sustainability goals, EU policies and regulations, and public and political pressures create a compelling need for change. Frameworks like the UN SDGs, the EU Green Deal, and Sweden’s commitment to carbon neutrality are accelerating the shift towards circularity in the construction sector. These forces place significant pressure on the industry (regime) to adopt DT to meet sustainability targets, enhance resource efficiency, traceability, and transparency, and reduce emissions. However, external pressures (economic and environmental) revealed through themes in academic literature, social media discourse, and interviews, highlight disparities in preparedness among actors within the prefab concrete sector. While larger firms are often better positioned to respond proactively to regulatory incentives, smaller companies face considerable challenges in meeting these expectations, primarily due to limited resources and capacity.
At the regime level, various PESTLE factors interact simultaneously, shaping industry dynamics. Interviews revealed that a significant number of barriers remain, particularly the influence of established industry practices and the tension between entrenched norms and innovation. The precast concrete sector, in particular, exhibits notable stability due to its deeply rooted norms and the complex network of influential actors, as described by Geels (2002) and Vogel (2020). This stability, however, often translates into resistance to change, driven by a conservative mindset and ingrained practices. The study identified several critical weaknesses within the industry. Smaller companies face significant resource limitations, which hinder their ability to adopt new technologies. A major challenge lies in the lack of IT knowledge required for the implementation of DTT, compounded by scepticism regarding the tangible benefits DTT offers to companies. This scepticism is further worsened by the lack of technological readiness due to fragmented digital infrastructure and a heavy reliance on traditional norms. Additionally, low market demand for DTT-enabled products from customers further impedes the industry’s digital transformation efforts. Tensions between traditional industry practitioners and technology developers highlight divergent perspectives on digitalization. While some stakeholders view digitalization as disruptive to established practices, others perceive it as a transformative force, paving the way for a more innovative and sustainable construction sector.
Although building codes and regulations such as the Construction Products Regulation (CPR) and Swedish Building Code (BBR) have yet to mandate digital tracking of construction materials, implementing Digital Products Passports (DPP) provides a pathway for future adoption. As these frameworks evolve to prioritize sustainability, they are fostering an environment that is both stable and adaptable, encouraging the gradual integration of DTT. This structured progression not only aligns with sustainability objectives but also enables the industry to incrementally reshape its standards, creating a foundation for a more circular and technologically advanced construction sector.
At the niche level, innovative technologies such as QR codes, BIM, material passports, and the IoT have emerged as powerful tools identified in the analysis for improving resource management and advancing the principles of the CE in the Swedish prefab concrete sector. For example, the implementation of material passports provides detailed information about concrete components, including their composition, origin, and recycling potential (Dervishaj et al., 2023; Ali et al., 2024). This traceability reduces waste by ensuring that materials can be reused or recycled efficiently at the end of their lifecycle (Giovanardi et al., 2022). Findings from this study indicated that QR codes were primarily utilized for project management, logistics, and the storage of concrete components, rather than directly contributing to CE objectives. However, when viewed collectively, DT like BIM, RFID, and IoT are driving incremental advancements in data management and material traceability (Mallawaarachchi and Jayakodi, 2023; Shishehgarkhaneh et al., 2024). These innovations are gradually reshaping industry norms and laying the groundwork for a broader digital transformation. Despite their potential, these technologies remain in the early stages of development and face significant challenges. High upfront costs, integration complexities, and uncertain returns on investment present substantial barriers to widespread adoption. Furthermore, concerns persist regarding how data can be effectively retrieved and verified throughout the supply chain, as well as the security and privacy risks associated with tracking every construction component. These challenges pinpoint the experimental nature of these technologies and highlight the need for further refinement to unlock their full potential. Nonetheless, these innovations play a critical role in driving the initial stages of the Socio Technical Transition toward a CE in the prefab concrete sector. They provide a foundation for broader adoption and systemic change, enabling disruptive innovations to challenge entrenched norms at the regime level. As more actors within the industry adopt circular business models and leverage DT for sustainability, the sector moves closer to achieving systemic transformation.
5 CONCLUSION
This study aimed to examine the key barriers and drivers influencing the adoption of DTT for transitioning to a CE in Sweden’s precast concrete sector. A triangulation approach was employed, cross-validating findings from bibliometric analysis, social media data, and interviews to ensure robustness and depth. The analysis of the drivers and barriers in the form of an integrated PESTLE and SWOT framework uncovered the systemic socio-technical dynamics shaping DTT adoption for circularity in Sweden’s precast concrete sector. Key dynamics observed highlighted the interplay between stakeholders, innovation, and the challenges and opportunities inherent in systemic transformation. While landscape-level drivers, such as sustainability regulations, create pressure for change, regime-level inertia underlines the need for targeted interventions to overcome resistance. Meanwhile, niche innovations when supported by effective policies and collaborative initiatives could emerge as potential disruptors capable of reshaping entrenched practices and advancing the sector toward CE objectives. Despite its complexity, this transition represents a critical step in aligning the construction industry with broader sustainability goals.
To accelerate the adoption of DTT, a multifaceted approach involving policy initiatives, industry collaboration, and technological investments is essential. From a policy perspective, introducing targeted financial subsidies and tax incentives can significantly reduce the upfront costs of DTT implementation, particularly for small and medium-sized companies that may struggle with limited resources. Additionally, developing standardized data-sharing protocols is crucial to addressing issues of fragmentation and fostering greater interoperability among stakeholders, enabling smoother integration of DTT solutions across the supply chain. In terms of industry collaboration and social media discourse, organizing multi-stakeholder workshops and forums can help build trust and foster collaboration, ensuring that industry actors are aligned in their expectations and efforts. Such platforms also serve as opportunities to address resistance to change by highlighting the shared benefits of DTT adoption. Moreover, enhancing stakeholder engagement and awareness of the environmental and operational advantages of DTT is vital to bridge existing knowledge gaps. For example, initiatives like the Ellen MacArthur Foundation demonstrate how collaborative networks can connect industries, researchers, and policymakers to scale circular innovations. Such efforts illustrate the tangible impact of aligning strategic objectives with actionable outcomes in CE transitions. Technologically, investing in scalable and user-friendly digital tracking solutions is imperative to ensure that these technologies can be seamlessly integrated into existing workflows without disrupting daily operations. Furthermore, promoting the use of advanced tools like Digital Product Passports (DPP) in the construction sector can boost material traceability efforts and support compliance with regulatory standards, reinforcing the role of DTT in transitioning to a CE. Together, these strategic efforts can address existing barriers, leverage opportunities, and create an enabling environment for the widespread adoption of DTT in the precast concrete sector.
This study makes a theoretical contribution to the socio-technical systems and CE transition literature by adopting a triangulated approach that integrates the PESTLE, SWOT, and MLP frameworks. By applying these frameworks to bibliometric analysis, social media data, and interview findings, the study offers a replicable methodology for future research exploring similar themes. However, the research is subject to certain limitations. The scope of the study was constrained by the relatively small sample size of interview participants and its focus on the Swedish precast concrete sector. While the initial intention was to investigate this sector specifically, the responses often reflected the dynamics of the broader construction industry. As a result, some nuances unique to the precast sector may not have been fully captured.
To address these gaps, future research could expand the sample size to include a more diverse range of stakeholders relevant to DTT adoption. Similarly, engaging local policymakers and municipal regulators could reveal additional barriers, such as inconsistencies in regional compliance standards. Additionally, assessing digital readiness and benchmarking maturity levels across different sizes of precast concrete firms in Sweden and the EU could offer valuable insights. Comparative market gap analyses across regions would further help benchmark CE transition rates and identify region-specific barriers and drivers influencing DTT adoption.
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