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Introduction: Limited research and knowledge have tackled the facilitators and hindrances contributing to the integration of circular economy (CE) and renewable energy (RE) in the manufacturing sector. The primary goal of the current investigation is to build a holistic system that explains why and how manufacturers adopt and implement CE and RE integrations.

Methods: The analysis utilized a mixed-methods research design that began with reviewing 107 peer-reviewed articles published between 2018 and 2023 and soliciting 10 experts' opinions through two focus group sessions held in 2024 with stakeholders in the manufacturing sector. The review and focus groups generated a list of 22 facilitators and barriers distributed across six themes: (a) regulations, (b) institutions, (c) stakeholders, (d) finance and economics, (e) infrastructure, and (f) technology. The 22 factors informed the construction of the system model using causal loop diagram (CLD).

Results: The analysis produced an integration system comprised of 11 feedback loops, indicating the intersectionality and dynamism of CE and RE integration. Network analysis demonstrated that strong government support, technical research and development, human capital technology programs, consultancy services, and cost were the most influential factors in the integration model.

Discussion: The present analysis contributes to the ongoing debate on how CE and RE are integrated into manufacturing facilities to decrease waste at all levels.
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1 Introduction

Waste refers to undesirable material generated throughout production or after consumption (Zhang et al., 2022). Manufacturers, governments, and organizations all struggle in addressing waste (Guo and Chen, 2022). In 2024, The United Nations Environment Program report concluded that the world produced 1.05 billion metric tons of food waste (United Nations Environment Programme, 2024). Ruiz (2024) suggested that the world generates about 92 million tons of textiles waste a year.

The United Nations Institute for Training and Research stated that 22% of the 62 million tons of electronic waste generated in 2022 went through recycling or reuse processes [United Nations Institute for Training Research, 2024]. Waste has seriously damaged the environment (Liu et al., 2021). For instance, marine life in oceans suffered in numerous ways because of the 11 million tons of plastics disposed of them annually (Dey et al., 2024). Food waste alone accounts for approximately 10% of greenhouse gasses emissions every year contributing to global warming [Dey et al., 2024; Waste Resources Action Programme, 2023].

Circular economy (CE) offers one of the practical solutions to the waste problem facing humanity today (United Nations Environment Programme Finance Initiative, 2024; Yang et al., 2023). CE is a paradigm shift from the end-of-life concept to the regenerative system of reducing, reusing, recycling, and recapturing of resources throughout all prediction and consumption phases of products (Yang et al., 2023). CE manifests in a variety of forms in the manufacturing sector including industrial symbiosis, recycling facilities, reverse logistics operations, environmental design protocols, green suppliers' selection, and many representations of the 4Rs guiding the implementation of CE (Reduce, Reuse, Recycle, and Recover) (Belhadi et al., 2022; Sanjaya and Abbas, 2023; Ünal and Shao, 2019; Wrålsen and O'Born, 2023).

One of the increasingly adopted manifestations of CE in the manufacturing sector is the use of renewable energy (Mutezo and Mulopo, 2021; Niyommaneerat et al., 2023). Integration of CE practices and renewable energy minimizes the environmental impact of waste (Khan et al., 2022; Niyommaneerat et al., 2023). Likewise, integration reduces the carbon footprint of operations through innovative measures such as the use of electric vehicles in reverse logistics (Azadnia et al., 2021; Richnák and Gubová, 2021). Powering manufacturing processes with solar and wind energy not only decreases utility bills or usage but also facilitates the adoption of new green practices such as waste-to-energy in-house operations (Haleem et al., 2023; Xu et al., 2018; Chowdhury et al., 2020; Duran et al., 2022).

While the literature on CE and renewable energy integration is still emerging, the conventional wisdom points to the colossal benefits for improving and refining the integration to maximize gains on all levels (Islam et al., 2021a; Mutezo and Mulopo, 2021). The literature on CE practices and renewable energy integration suffers from a series of problems.

First, much of the writing considers a single practice, as well as one renewable energy source in a particular operation resulting in a large number of case studies lacking theoretical or conceptual structure (Niyommaneerat et al., 2023). Second, the integration of literature is bereft from clear conceptual frameworks that explain how such integration originates, evolves, develops, and matures given the complex environments surrounding the manufacturing environment (Mulvaney et al., 2021). Third, most studies documenting the success story of a manufacturer integrating CE practices and renewable energy consider one domain of key factors while ignoring others in the system (Hassan et al., 2023; Mendoza et al., 2022). For instance, a study class is concerned with institutional and management variables without paying adequate attention to technological trends or regulatory environments making the inferences questionable or the findings impractical for real-world applications (Buchmann-Duck and Beazley, 2020; D'Amato and Korhonen, 2021; Mutezo and Mulopo, 2021; Mendoza et al., 2022).

A few studies addressed the integration of circular economy and renewable energy to achieve sustainable development. Klemeš et al. (2023) argued that updating energy infrastructures and technology requirements is the most important facilitator leading to integration. In a different analysis, Safarzynska et al. (2023) argued that investments in human capital, research and development and training programs constitute the primary drivers of integration for circular economy and renewable energy.

Mutezo and Mulopo, 2021 encouraged future researchers to perform more holistic reviews considering more than a single domain of factors contributing to the integration of CE with RE in emerging economies. The reasoning behind such a recommendation is that most researchers target one theme of variables like technological requirements while ignoring other important facilities such as cultural or organizational factors affecting the integration framework (Onyeka and Emeka, 2025).

The primary aim of the paper is to design a system model that explains manufacturers' integration of CE practices and renewable energy. A secondary goal is to uncover the salient facilitators and barriers within the literature and among experts that define the integration system. Thus, a thorough review of the recent literature, as well as two focus groups provided the list of important factors informing the system model. The factors extracted from the literature and experts provided the input for the system modeling analysis (i.e., causal loop diagrams and network analysis).

After reviewing 107 papers and meetings with 10 experts, a list of 22 facilitators and barriers informed the underlying process of how manufactures adopt and implement integration of CE practices and renewable energy sources. The 22 factors represent 6 distinct themes (a) regulations, (b) institutions, (c) stakeholders, (d) finance and economics, (e) infrastructure, and (f) technology. The CLD analysis generated 11 feedback loops structuring manufacturers' decisions regarding integration. Based on the network analysis, strong government support, technical research and development, human capital technology programs, consultancy services, and cost appeared to be the most influential factors in the system.

The current manuscript offers several contributions to scholars and manufacturers interested in circular economy integration with renewable energy. First, the paper orients the attention of practitioners to 22 key variables distributed on 6 themes when initiating plans of integration. Prior to the findings of the current review, no manufacturer interested in integrating CE and RE did not have a ready clear-cut map similar to the CLD presentation in the current manuscript. Second, scholars and manufacturers have access to how the 22 key variables interact with each other according to real-world case studies from the literature and a number of experts in the field.

Previously, manufacturers knew how one variable could influence another or two but did not have access to a more holistic picture similar to the 11 feedback loops. Government stakeholders interested in making manufacturing leaner and greener could focus their attention on (a) regulations, (b) institutions, (c) stakeholders, (d) finance and economics, (e) infrastructure, and (f) technology as the network analysis indicated in the analysis. Fourth, future researchers interested in conducting systematic reviews or comprehensive studies on CE and RE are encouraged to utilize a number of qualitative and quantitative methods similar to the methodology of the present analysis.



2 Materials and methods

A mixed-methods research design guided the analysis. Systematic literature review and focus group methods were used to construct a table of facilitators and barriers affecting the integration of circular economy and renewable energy. The final table (i.e., Table 2) representing shared facilitators and barriers was used as the data for constructing the causal loop diagram and network analysis output. Descriptive statistics were used to summarize a few key trends in the systematic review and focus groups data.


2.1 Research design

The present investigation employs mixed-methods research design to understand the relationships between the facilitators and barriers of circular economy and renewable energy integration in the manufacturing sector (Creswell and Creswell, 2017). The mixed methods used in the analysis featured a few qualitative data analysis techniques, as well as a number of quantitative procedures. The qualitative methods included causal loop diagrams (CLDs), networks, and focus groups (Binder et al., 2004; Lamé, 2019; McKim, 2017). The quantitative methodologies entailed the use of frequencies and descriptive statistical techniques to summarize data. Prior to the use of the mixed methods, a comprehensive literature review and detailed focus groups guided the selection of variables that constituted the input for both the qualitative and quantitative data.

Causal loop diagrams (CLDs) informed part of the qualitative analysis aiming to summarize dynamics underlying variables leading to the integration of circular economy and renewable energy (Lin et al., 2020; Uleman et al., 2024). The CLDs were the products of an extensive literature review on the global scholarship investigating integration trends, as well as in-depth focus groups with key stakeholders in the manufacturing sector. Note that CLDs provide maps of dynamic relationships summarizing the system (Crielaard et al., 2024). In this investigation, the system is the drivers of CE and renewable energy integration in the manufacturing sector.

CLDs offer an appropriate method for the current manuscript because the technique enables the researchers to build visual systems showcasing relationships among key variables. The purpose of the research is to understand how CE and RE integration plays out in the manufacturing sector. CLD allows the researchers to identify key variables in the system and map simplified interactions in an intuitive manner communicating complex information in simplified graphs. Additionally, CLDs present readers with how each variable interacts with other variables in loops demonstrating sub-systems within the larger system of variables explaining the phenomenon of interest, CE and RE integrations within the manufacturing sector. Thus, CLDs were selected by the authors to conduct the present analysis as the appropriate modeling technique.

Expert opinions provided real-world data that assisted in verifying evidence extracted from the extant literature (Picardi and Masick, 2013). Network analysis also provided another method enriching the understanding between variables leading to integration within the manufacturing sector (Borgatti et al., 2009). Descriptive statistics based on the quantitative content analysis of the focus group information provided the quantitative phase of the mixed-methods study.



2.2 Systematic literature review

A comprehensive systematic literature review identifying the barriers and facilitators leading to the integration of circular economy and renewable energy in manufacturing was conducted. A total of 107 peer-reviewed papers published in 60 different journals were extracted and analyzed by two independent authors autonomously. The papers originated from 41 countries covering more than 10 industrial domains. To retrieve the facilitators and barriers, the two researchers thoroughly read every paper listing the factors affecting integration (Kitchenham et al., 2009; Kraus et al., 2020).

Two databases provided the peer-reviewed articles for the research. The databases were Web of Science and Scopus. Both databases feature a great number of journals publishing papers on circular economy practices as well as renewable energy within the manufacturing sector. Three keywords combinations constituted the search strategy in this research. The keywords combinations were (1) “renewable energy” AND “circular economy” AND “manufacturing”, (2) “sustainable development” AND “circular economy” AND “manufacturing”, (3) “sustainability” AND “circular economy” AND “manufacturing.” Figure 1 presents the total number of studies included in this research after the elimination of the irrelevant articles identified in the search process.
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FIGURE 1
 Number of studies included in this research.


The total of all initially identified studies was 5210. There were 3226 duplicates among them. After eliminating these records, the total number of screened studies was 1984. The primary criteria for eligibility were the application of at least one circular economy practice as well as a renewable energy source within the manufacturing sector. Many studies did not feature a concrete implementation of CE practices or RE sources which rendered them ineligible for inclusion in the review. According to these studies, 1,012 of them were eliminated due to being irrelevant, thus, the number of records sought for retrieval was 972. Out of these studies, 236 of them were not retrieved because they were inaccessible. The remaining number studied was 736. Many of these studies lacked clear integration or were repeated as well as not used validated concepts, resulting in 107 studies included for the review.

For each included article, a thorough reading by each author identified the list of facilitators and barriers facing CE and RE integration manufacturing. Furthermore, each author examined the articles to identify explicit links between facilitators and barriers. Each author prepared a separate list of facilitators, barriers as well as their relationships. Three separate sessions were convened to discuss the findings of the authors. The final list of facilitators and barriers as well as their relationships was prepared after the conclusion of the third session with the unanimous agreement of all authors.



2.3 Focus groups with expert opinions

Two focus groups with stakeholders in the manufacturing sector possessing real-world expertise with circular economy practices application and renewable energy implementation provided the information to validate the literature based on CLD. Two distinct focus group sessions were held with five individuals each. One focus group included manufacturing facilities owners and operations managers while the other focus group included academic and government experts on the integration of circular economy and renewable energy. Both focus group sessions were held in Saudi Arabia in 2024 face-to-face.

The Cranfield University Research Ethics committee approved the research (i.e., CURES/17446/2022). All procedures followed the Principles of the Declaration of Helsinki ethics protocols. Informed consent was obtained in writing prior to the commencement of the focus groups. The language of the focus groups was Arabic because participants were all working in Saudi Arabia.

Ten experts were selected for the entire focus groups portion of the research to satisfy the principle of saturation in qualitative research (Hennink et al., 2019). Saturation refers to the sufficiency of information to cover the universe of knowledge on a particular subject (Guest et al., 2017). In other words, does the inclusion of 10 experts lead to saturation? Objectively, there is no magic number that leads to such an unobserved state of knowledge (Morgan, 1997). Nevertheless, researchers recommended different numbers of participants where some concluded that less than 10 in new topics are enough while others preferred more than 15 individuals (Braun and Clarke, 2006, 2021; Guest et al., 2017). Given the novelty of the area under study and limited real-world manifestations of circular economy integration with renewable energy, 10 individuals who possess expertise on the subject were sufficient to provide valuable insights. Relatedly, each focus group featured five individuals consistent with the focus group number of participants recommendations in the literature (Hennink et al., 2019). Five individuals have the opportunity to offer in-depth information assisting the researchers in identifying systems of relationships (Hennink et al., 2019).

Saturation refers to the fulfillment of potential answers from a set of participants in qualitative research. Once answers begin to be repetitive, researchers achieve a degree of saturation. Repeated studies in many fields concluded that 9–20 participants provided sufficient information satisfying saturation especially in niche subjects (Hennink and Kaiser, 2022; Wutich et al., 2024). This analysis used 10 participants to be consistent with the qualitative research recommendations fulfilling saturation.

Each focus group lasted about 2 h. The sessions moderator was one of the researchers who is from Saudi Arabia and worked in the energy sector for over 10 years. A facilitator assisted the moderator throughout the session by taking notes and recording responses. Note that each participant signed a consent form allowing recording. The focus group sessions covered the same style, as well as topics.

Semi-structured focus groups guided the gathering of expert opinions on the integration of circular economy and renewable energy. Each focus group featured six main questions (see Table 1 for the list of the questions) that structured the answers of respondents. The moderator asked every participant to share an opinion or experience on every question. Discussions between participants ensued based on the responses provided by their peers. Such a style invoked illustrations and examples clarifying some of the points voiced throughout the sessions. Additionally, every participant offered a note on each question asked providing researchers with further information that helped in validating the CLD.

TABLE 1 List of questions asked for focus groups.


	List of questions asked for focus groups





	• Describe the integration of circular economy practices in the manufacturing sector in Saudi Arabia today?



	• Describe the integration of renewable energy sources in the manufacturing sector in Saudi Arabia today.



	• How are circular economy and renewable energy integrated in the Saudi manufacturing sector?



	• What are the facilitators of circular economy integration with renewable energy in the Saudi manufacturing sector?



	• What are the barriers of circular economy integration with renewable energy in the Saudi manufacturing sector?



	• How did you integrate circular economy and renewable energy at your facility or in your work?







2.4 Causal loop diagram development

CLDs are visual representations of systems (Haraldsson, 2004). A CLD presents an image of various components of a system depicting relationships among the variables comprising the entire system (Barbrook-Johnson and Penn, 2022; Crielaard et al., 2024). CLDs are system design or thinking techniques that simplify a given phenomenon (Dhirasasna and Sahin, 2019). In manufacturing and systems engineering, authors have used CLDs to present how variables are interconnected to construct a specific system underlying a trend or behavior (Aikenhead et al., 2015). In the present research, CLDs were used to represent the variables facilitating and hindering the integration of circular economy and renewable energy.

A CLD presents a set of variables underlying the system in question. The variables are connected to each other using arrows. Each arrow is equivalent to a correlation (Sherwood, 2011). On each arrow, the direction of the correlation is indicated with either positive (+) or negative (–) sign. The sign represents the direction of the relationship. Arrows are single headed representing one-directional orientation connecting one variable to another (Proust and Newell, 2020)

Loops form when a series of arrows return to the point of origin (Dhirasasna and Sahin, 2019). A sequence of relationships oftentimes represents a circular system, which is referred to as a feedback loop in CLD's literature (Proust and Newell, 2020). Feedback loops could be reinforcing denoted by (R) or Balancing represented by (B). Reinforcing loops are characterized by similar signs connecting the variables while balancing loops feature different signs within the loop (Sherwood, 2011). One rule that helps researchers identify the type of loops is counting the number of negative signs (-). If the number of negative signs is odd, then the loop is balancing and if they are even, then the loop is reinforcing (Uleman et al., 2024).



2.5 Network analysis

To further validate the CLDs, network analysis provided a way for testing the structure and dynamics of constructed CLDs. Network analysis supply researchers with real-world representations of systems similar to CLDs methods (Crielaard et al., 2024; Knoke and Yang, 2008). Network analysis helps identify central or key variables in the system (Knoke and Yang, 2008). Such centrality tests assist in verifying whether variables with more arrows in CLDs are truly essential in the system or not.

Unlike CLDs, Network Analysis allows the inspection of key variables to the system. For instance, network maps permit researchers to estimate radiality scores indicating the centrality of each variable in the system (Khameneh et al., 2024). Further, Network Analysis demonstrates peripheral variables, as well as central factors, which is a different display from the CLDs that tend to showcase loops on a single canvas.



2.6 Descriptive quantitative analysis

A number of descriptive statistical procedures guided the analysis of the reviewed literature and experts' opinions. On the one hand, frequency distributions summarized each factor's occurrence in the literature, as well as among experts. On the other hand, bar charts and pie charts described the frequency of themes underlying manufacturers' decisions to adopt and implement CE practices with renewable energy.



2.7 Qualitative thematic analysis

A thematic analysis of the systematic review and focus group qualitative data guided this investigation. Brown and Clarke's (2006) six steps provided the authors with a comprehensive way of performing the thematic analysis. The six steps were: (a) familiarizing yourself with your data, (b) generating initial codes, (c) searching for themes, (d) reviewing themes, (e) Defining and naming themes, and (f) producing the report. Each author familiarized himself with the data independently from other authors by reading the final list of facilitators and barriers as well as their links more than once. Each author generated a list of themes based on the facilitators and barriers independently. Note that each facilitator or barrier constituted a different code. A code is an idea that is part of a larger theme. The authors met once to finalize the labels of the final themes reached to summarize the qualitative data prior to writing up the report.

To enhance credibility, each author independently analyzed the information extracted from the reviewed articles and the focus group responses. As indicated earlier, agreement was reached unanimously in joint sessions between the authors that resolved any differences. Such a process improved the credibility of the coding procedures, as well as the output of the analysis.




3 Results

The results section begins with the descriptive analysis of the literature, as well as experts. Then, based on the identified data, the CLD map presents the system model explaining the integration decision. Within the CLD's section, a comprehensive overview of all feedback loops within the system is detailed. Following the CLD analysis, Network Analysis output demonstrates the radiality and influence of each factor within the system.


3.1 Systematic review and focus groups results

Figure 2 presents the most commonly mentioned facilitators and barriers in the literature, as well as the focus group discussions concerning circular economy practices integration with renewable energy sources. A total of 22 barriers and facilitators emerged as important factors affecting integration. The figure shows the frequency of each factor with respect to the number of studies and experts mentioning it. Note that strong government support was highlighted by all 10 experts in the focus groups and 82 studies. The least frequent factor in the literature was policy variance with 22 papers referring to it. Note that a factor was considered common if at least 20 articles mentioned it, and two experts directly referred to it.
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FIGURE 2
 Frequency of facilitators and barriers mentioned by experts and studies.


Table 2 presents a heuristic distribution of facilitators and barriers based on six themes connecting the factors. The six themes were (a) regulations, (b) institutions, (c) stakeholders, (d) finance and economics, (e) infrastructure, and (f) technology. Each theme represents at least three related factors. The table also demonstrates how many of each factor, as well as its theme, were mentioned by the experts, as well as authors in the literature.

TABLE 2 Distribution of facilitators and barriers with respect to six themes.


	Themes
	Sub-themes
	Number of experts
	Number of studies





	Regulations
	Strong government support
	10
	82

 
	Strong regulations
	9
	76

 
	Policy variance
	3
	22

 
	Inconsistent standards
	4
	32

 
	Lack of sectoral collaboration
	4
	47



	Total number for the theme:
	30
	259



	Institutions
	Resistance to change
	9
	63

 
	Duplicate efforts
	3
	28

 
	Public financial backing
	8
	57



	Total number for the theme:
	20
	148



	Stakeholders
	Collaborative endeavors
	8
	60

 
	Public private partnerships
	5
	53

 
	Consultancy services
	5
	41

 
	Consumer awareness and training
	6
	58



	Total number for the theme:
	24
	212



	Finance and economics
	Fiscal incentives
	10
	48

 
	Uncertain return on investment
	5
	36

 
	Grants and subsidies
	9
	65

 
	Cost
	10
	70



	Total number for the theme:
	34
	219



	Infrastructure
	Absence of logistics systems
	2
	27

 
	Outdated facilities
	3
	37

 
	Lack of technical support teams
	3
	31



	Total number for the theme:
	8
	95



	Technology
	Artificial intelligence
	3
	47

 
	Human capital technology programs
	9
	71

 
	Technical research and development
	10
	78



	Total number for the theme:
	22
	196





To clarify some terminology in the labeling of the facilitators and barriers, a number of terms have been defined as follows. Cost refers to the financial investment and monetary resources required to integrate circular economy with renewable energy. Collaboration refers to the exchange of resources, knowledge and manpower between institutions aiming to facilitate the integration of circular economy with renewable energy. Resistance to change refers to the refusal of managers and employees to adopt new training or workplace practices conducive to the integration of CE and RE.

Figure 3 shows the salient of themes in literature, as well as the views of experts. The pie charts indicate the percentage of each theme given all mentions with respect to the number of studies and experts. With regards to experts, financial and economic factors constituted 25% of all facilitators and barriers mentioned. Regulation factors comprised 22% of all mentions. The least emphasized theme was infrastructure with a total of 6% mentions.
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FIGURE 3
 Percentages of themes.


In reference to the literature, regulation factors assumed the highest frequency with 23% out of all mentions. Financial and economic factors, as well as stakeholders' variables comprised 19% each of the total mentions of facilitators and barriers in the literature. Infrastructure factors featured the least emphasized category of factors with a 9% rate of mentions considering all themes.



3.2 Causal loop diagram of circular economy and renewable energy integration

A total of 11 feedback loops with 22 variables define the underlying system explaining the integration of circular economy and renewable energy in manufacturing. There are six reinforcing loops and five balancing loops. Figure 4 represents the underlying causal loop diagram explaining the relationships between circular economy and renewable energy integration facilitators and barriers. Note that some variables are present in more than a subsystem such as strong government support that appeared in institutional, as well as financial realms. Additionally, some variables reflect more interconnection compared to others given their varied consequences such as resistance to change. There are six subsystems structuring the variables in the CLD. The integration of renewable energy sources with circular economy principles represents a fundamental shift in manufacturing paradigms (Ali et al., 2022; Alshammari, 2020; Borowski, 2022; Finn et al., 2020; Ishaq et al., 2022; Yildizbasi, 2021).
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FIGURE 4
 Causal loop diagram of circular economy and renewable energy integration.


The first reinforcing loop (R1) reflects the institutional subsystem (Green Color) in the CLD diagram. The loop begins with manufacturers' innate nature for resisting change. Such resistance generates a slow and inconsistent environment for strong government support given industries and policy divisions over the type and extent of Demir and Aktan (2016), Evans and Britt (2023), and (Ritchie, 2014). Once government support is offered to manufacturers for integration purposes, collaboration among various stakeholders in the sector increases (Wanna, 2008). In turn such collaboration clashes with continued resistance for change or accepting the type of government support (Evans and Britt, 2023; Xue et al., 2024). Such a loop represents the primary institutional subsystem (Bui et al., 2022; Janik et al., 2020; Lim et al., 2023; Ogunmakinde et al., 2022; Pukšec et al., 2019; Ratner et al., 2020; Zvirgzdins and Linkevics, 2020).

The first balancing loop (B1) represents a larger variation of R1 with the addition of 2 variables: duplicate efforts and strong regulations. Like R1, B1 begins with the negative effect of resistance to change on strong government support. Similarly, the loop also transitions from government support to its positive effect on collaboration. Once collaboration among stakeholders becomes institutionalized in the forms of knowledge sharing and partnerships, strong government regulations become more likely (Demir and Aktan, 2016; Evans and Britt, 2023; Ritchie, 2014). Regulations negatively affect manufacturers' duplicate efforts in integration through a variety of channels such as the provision of shared resources or access to digital or physical infrastructures (Mutezo and Mulopo, 2021). Duplicate efforts lead manufacturers to lower resistance to change patterns since owners and operators imitate each other's endeavors giving a sense of perceived assurance of following industry patterns (Kumar et al., 2019).

The second reinforcing loop features the intersection of institutional and financial support (red color) (R2). The loop begins with government support that translates into further fiscal incentives boosting CE practices integration with renewable energy sources (Bolger and Doyon, 2019; Wasserbaur et al., 2022). The presence of fiscal incentives leads to legislative public funding backing for integration initiatives, especially public-private partnerships. In turn, public funding leads to more government support (Mutezo and Mulopo, 2021; Onder and Abduljaber, 2025a).

The second balancing loop (B2) concerns the intersection of institutional variables and regulatory measures (yellow color in the lower left corner). The loop starts with manufacturers' duplicate efforts of integrating CE practices with renewable energy sources leading to fragmented ad hoc set of regulations (Klemeš et al., 2023, 2019). The need for strong regulations translates into the presence of inconsistent standards in the integration process. Inconsistent standards are associated with pervasive policy variance in governing integration initiatives. When policy variance exists in markets, actors duplicate efforts to achieve the same outcomes. Such an environment is characterized with uncertainty leading to each actor attempting to accomplish integration on its own resulting in doing similar or the same endeavors by many actors within a single industry (Chishti et al., 2023).

The loops were derived based on the inferences made by authors in the literature and experts in the focus groups. After each of the 22 key variables was identified, a reading of all included papers focused on how each variable relates to others. Each paper was read and if a relationship was identified by the researchers, it was recorded. Similarly, the focus group discussions involved direct references to relationships among the key 22 variables. Whenever a reference was made in the focus group concerning a variables interaction with others, it was recorded. The references were arranged in Table S1 showing the relationships and loops constructing the CLD.

The third reinforcing loop (R3) represents stakeholders' variables (blue color). The loop begins with consumer awareness and training that results in more collaborations and partnerships leading to integration. Public-private partnerships result from further consumer engagement generating more interactions with expert consultancy services that guide the integration process or initiatives. When consultancy services perform education and training programs, consumers' awareness about integration increases.

The fourth reinforcing loop (R4) covers the technology variables domain (purple color). The loop begins with the investment in human technology programs that lead to further use and implementation of Artificial Intelligence technology in integration initiatives. The utilization of AI applications and platforms transforms into more technology research and development (Danish and Senjyu, 2023; Shahbaz et al., 2025) Investing in R&D programs is associated with further human capital training on technology and technical systems involved in the integration process (Shahbaz et al., 2025).

The third balancing loop (B3) pertains to the regulations subsystem (yellow color in the lower left corner). The prevalent policy variance leads to the generation of inconsistent standards regulating the integration of CE practices into renewable energy. Inconsistent standards also result in lower levels of sectoral collaboration among stakeholders (Domenech and Bahn-Walkowiak, 2019; Grafström and Aasma, 2021). Lack of collaboration translates into fragmented policy initiatives generating high levels of regulatory and legislative variance (Domenech and Bahn-Walkowiak, 2019).

The fifth reinforcing loop (R5) represents an intersection between technology and stakeholders' variables. The loop begins with human capital technology investment that leads to collaborations with consultancy services (Klemeš et al., 2019). More consultancy services in turn translate into public-private partnerships. By the same token, further partnerships generate more research and development across all integration domains, specifically technology. Likewise, technical training and research improves human capital technology awareness and education (Klemeš et al., 2019; Mendoza et al., 2022).

The fourth balancing loop (B4) demonstrates the interconnectedness of public financing and cost variables. The loop begins with public financial backing generating further grants and subsidies for integration. Grants manifest into the costs spent on integration initiatives. Grants also lead to a set of private costs like matching funds for improving integration. With increasing costs dedicated to integration, uncertain return on investments decreases since the costs incurred throughout integration address uncertainty problems thereby providing more investment clarity (Aranda-Usón et al., 2019). In the case of the presence of an uncertain return on investment, fiscal incentives decrease, avoiding potential losses from integration initiatives. On the contrary, if fiscal incentives exist and are strong. Public financial backing to integration projects increases (Kandpal et al., 2024).

The fifth balancing loop (B5) represents the infrastructure variables domain. The loop begins with the lack of technical support that keeps outdated facilities without appropriate upgrades handling integration needs (Mendoza et al., 2022; Pan et al., 2015). The presence of outdated facilities testifies to the existence of limited logistics networks capable of addressing research and development needs crucial for updating physical and digital systems. Absence of digital systems also notes the lack of proper technical support necessary to address integration requirements (Pagoropoulos et al., 2017).

The sixth reinforcing loop (R6) covers the interdependence of technology and cost variables (red color). On the one hand, the absence of technical support for teams generates more grants and funding to close such a crucial gap. Evidently, grants incur further investment costs in the promotion of integration within manufacturing. The implementation of artificial intelligence lowers investment costs in the long run. Technical research and development increase the amount of technical support.



3.3 Network analysis of variable influence and interconnectivity

Figure 5 presents the network analysis demonstration of the circular economy practices integration process with renewable energy sources in the manufacturing sector. Unlike CLDs that showcase systems and cause-effects interconnection, network analysis diagrams demonstrate the influence of variables within systems. Networks depictions represent mathematical predictions concerning variables' effects across systems. The representations are scale-free and indicate the predictive strength of each variable within the system.


[image: Network diagram illustrating relationships and themes in innovation and development. Nodes labeled with factors such as “Strong regulations,” “Public-private partnerships,” and “Technical Research and Development” are connected by red and blue lines, indicating different types of relationships and dependencies among concepts like “Cost,” “Artificial Intelligence,” and “Fiscal incentives.”]
FIGURE 5
 Network map of key variables driving circular economy and renewable energy integration.


The network diagram presents variables' nodes indicating their influence (radiality). Centric nodes possess higher radiality compared to peripheral nodes. Note that the network diagram differs from the CLD visualization. Within the CLD, variables are organized in subsystems while in the network analysis, each variable predictive power is indicated by its radiality. Both pieces of information supplement each other in providing a better understanding to the circular economy practices integration into renewable energy. The most important variables in the network analysis are centrically placed including strong government support, technical research and development, human capital technology programs, consultancy services, and cost. See Table 3 for more information.

TABLE 3 List of the most influential variables and their explanations.


	Variable name
	Explanation





	Government support
	Government support manifests in a variety of forms conducive to the integration of CE and RE. First, the government may provide grants to businesses to Jumpstart integration. Second, the government may allow businesses to benefit from subsidies or tax exemptions aiming at furthering integration. Also, the government could found institutions and programs that coordinate stakeholders efforts in facilitating integration.



	Technical research and development
	Research and development results in innovations that maximize the use of renewable energy in circular economy. The output of research and development is new products, processes or services that lead to gains in efficiency and effectiveness.



	Human capital technology programs
	Without talent, companies cannot implement integration programs. Humans are the backbone of integration. They offer expert knowledge on how to increase the use of renewable energy and circular economy. Training employees leads to smooth transitions in manufacturing, which facilitates the integration of CE and RE.



	Consultancy services
	Consultancy services offer specific expertise in the integration domain. Many organizations lack the necessary skills supporting transitions from traditional manufacturing to smart facilities. Thus, the presence of consultancy services removes barriers faster in the way to achieve integration.



	Cost
	Cost is the single most determinant of integration. If financial resources are available, companies are willing to take the risk and make transitions from traditional to smart manufacturing. Transitions and integrations are expensive; thus, organizations are hesitant in pursuing such shifts.





Figure 6 demonstrates the radiality (influence) of factors affecting the circular economy and renewable energy integration. Cytoscape software provided the tool for constructing the network diagram in the analysis. The network analysis generated in the program was scale-free and did not specify preprepared weights. The software generated a random structure placing the variables with more importance (influence) at the center of the diagram. An excel sheet with polarity scores and the number of connections for each facilitator or barriers or its combination constituted the input data for Cytoscape. Radiality is calculated by measuring the distance of each node from other nodes. Higher radiality scores correspond to more influence. Note that the facilitators or barriers with more connections possessed higher radiality scores. Financial and economic factors alongside regulations and stakeholders' variables appeared to be more influential compared to others. Strong regulations and costs were the most influential factors affecting integration. Infrastructure-related factors were the least influential factors.


[image: Scatter plot showing “Radiality” on the vertical axis and “Total Connections” on the horizontal axis. Data points represent various factors affecting a system, such as “Strong Government Support,” “Consumer Awareness and Training,” and “Lack of Sectoral Collaboration,” plotted according to their radiality and connections. “Strong Government Support” has the highest radiality and connections, while “Lack of Sectoral Collaboration” and “Absence of Logistics Systems” have low values.]
FIGURE 6
 Radiality scores and total connections.





4 Discussion

This investigation reported the importance of 22 facilitators and barriers distributed on 6 themes. The themes affecting the integration of CE practices and renewable energy sources were (a) regulations, (b) institutions, (c) stakeholders, (d) finance and economics, (e) infrastructure, and (f) technology. Among the themes, financial and economic variables, as well as regulatory factors appeared to be the most important elements influencing the integration. The CLD analysis showed the presence of loops underlying the integration system defining the relationships between the 22 variables. Noticeably, institutional and regulatory factors intersected with financial elements formulating interdependent subsystems. The network analysis concluded that strong government support, technical research and development, human capital technology programs, consultancy services, and cost possessed the highest amount of influence on integration indicated by their radiality scores.

The current investigation highlighted the dynamic interconnectedness of the subsystems leading to circular economy and renewable energy integration. A cursory examination of the network analysis (see Figure 5) suggests that regulations, institutions, financial institutions, and technology subsystems are closely related to forming a compelling force facilitating integration. Grants, fiscal incentives, and strong government support lead to investments in technological upgrades and development, which also includes human capital training, and collaboration among all actors leading to integration (Islam et al., 2021b). Such integration is positively moderated by the presence of a highly standardized and clear policy environment, as well as the presence of expert consultancy services. Thus, the analysis shows how each variable and subsystem act as a mediator and moderator simultaneously (Cho et al., 2022).

A strength of the present study is the coverage of various countries, economy types, and varying pathways to integration. On the one hand, the literature review covered all research on circular economy practices and renewable energy sources regardless of the geographic setting. On the other hand, experts came from an emerging economy, Saudi Arabia, adding a comparative element to the research. Much of the existing research in the field cover a single case or one country (Rodríguez-Antón et al., 2022; Roleders et al., 2022). Further, this research surveyed manufacturing frontiers across all industries rather than concentrating on a single realm. One of the outcomes of such an approach is the production of highly complex systems leading to integration (Paul et al., 2021; Shaffril et al., 2021).


4.1 Relevance to past research

The present research demonstrated that circular economy integration into renewable energy is a complex and dynamic process transcending multiple domains of factors regardless of the manufacturing setting. Unlike prior studies that only concentrated on either technical or technology related variables affecting integration, the current investigation highlighted the significance of six distinct subsystems as the CLD map shows (see Figure 4). Not only is the integration process convoluted, but also the subsystems are interconnected leading to further interactions within the entire system. For instance, the reinforcing loops R1, R3, and R4 suggest the intrusion of one subsystem into others. Thus, any stakeholder interested in the implementation of integration needs to consider all the subsystems at play rather than a single system (Abduljaber and Onder, 2024; Al Shehri et al., 2023; Awan and Sroufe, 2022; Islam et al., 2021b; Khajuria et al., 2022; Ogunmakinde et al., 2022; Tapaninaho and Heikkinen, 2022).

Historically, much of the research on the integration of circular economy practices and renewable energy followed a siloed approach. Authors typically focused on single practice and one or two energy sources. Recycling appeared to be the most studied circular economy practice and its integration with solar, or wind energy implementation appears to be the most common integration in the manufacturing sector. One of the reasons that explains such a pattern of research is the case study design, which is common in this area of research (Abduljaber, 2018, 2020). Authors tend to study one factory or an integration episode in a specific context forcing them to concentrate on one or two practices or sources (Shahbazbegian et al., 2020). While such an approach is rewarding in providing rich information on integration, it failed to supply readers with systematic overviews of the holistic system of integration (Cho et al., 2022). Typically, one sub-system is highlighted, and others are not discussed, which presents a skewed view of the integration process (Roleders et al., 2022).



4.2 Practical implications

The integration of circular economy practices into renewable energy integration at manufacturing facilities is increasingly taking momentum among manufacturers interested in applying sustainable production and waste management models (Roleders et al., 2022; Awan and Sroufe, 2022). Most manufacturers in emerging economies like Saudi Arabia are unfamiliar with integration and how to proceed even if they are serious about implementing the concept on their operations (Abduljaber et al., 2025; Onder, 2021, 2023; Al Shehri et al., 2023). One of the practical implications of the current research is building familiarity and awareness concerning integration and its various subsystems. Manufacturers could learn about the different upgrades needed to be achieved prior to integration such as education and awareness, government funding or the necessary technology requirements (Chen et al., 2020; Hassan et al., 2023, 2024; Hidalgo-Crespo et al., 2022; Jiang et al., 2021; Munir et al., 2021; Onder, 2022; Onder and Abduljaber, 2025b; Trowell et al., 2020; Yousef et al., 2025). While some manufacturers may have a basic idea on one or two subsystems, they are likely oblivious to another or more subsystem(s). Thus, the present research serves as a starting point for building easy-to-follow road maps leading to interested manufacturers throughout their integration journeys.

The underlying system of circular economy practices integration with renewable energy sources highlights the tension between government's interest in enhancing sustainability and manufacturers' need to grow economically and financially (Rodríguez-Antón et al., 2022). On the one hand, investing in integration is exorbitant and does not lead to immediate savings, at least for large scale manufacturers. On the other hand, integration is a long-term process that takes time to realize its sustainable and economic benefits (Mendoza et al., 2022). Thus, cost, uncertain returns on investment and funding become crucial factors within the underlying integration system (Shahbazbegian et al., 2020). Policymakers could encourage healthy integration through responsible legislative behavior. For instance, in Saudi Arabia, the government invested heavily in renewable energy public projects such as solar and wind generation sites throughout the kingdom providing affordable services to manufacturers switching energy sources (Al Shehri et al., 2023). Further, the country's leaders offered large low-interest loans for manufacturers' expansions compliant with sustainable production and logistics guidelines. The government partnered with many expert consultancy groups in the sustainability sector upgrading large scale publicly owned manufacturing structures paving the way to private actors to imitate the shift (Abduljaber et al., 2025). The collection of all such endeavors aligns with the Circular Carbon Economy paradigm (Al Shehri et al., 2023).

Policymakers could invest in research and development programs facilitating CE and RE integration (Dennison et al., 2024). On the one hand, a grants-based program could stimulate research in educational institutions with partnerships with manufacturers. On the other hand, policymakers may partner with consultancy services directly to generate a step-by-step framework to be required from new market entrants for increasing integration. Most importantly, policymakers could pass tax exemptions for businesses that implement integration with clear output.



4.3 Future research directions

One of the most echoed concerns of circular economy integration with renewable energy is cost manifested in a variety of forms such as uncertain return on investments or hefty financial commitments to upgrade technological or logistical systems (Pan et al., 2015; Islam et al., 2021a). All experts highlighted the long-term positive impact of integration on efficiency savings, however most experts indicated that becoming fully integrated is not an economically viable option at the present moment (Molano et al., 2022). Consistent with such an observation, many authors in the literature called on governments to subsidize research and development programs that facilitate integration (Shahbazbegian et al., 2020). One of the potential future research directions is the design of affordable integration patterns that help manufacturers achieve economic efficiency while improving sustainability simultaneously (Wang et al., 2022). The literature on circular economy integration with renewable energy is still at the developing stage, and documentation of success stories in the manufacturing sector are likely to increase. Future authors are urged to search for critical success narratives of integration to publicize the idea that integration could be achieved in affordable ways (Aldhafeeri and Alhazmi, 2022; Balzani, 2019; Cho et al., 2022; Dagiliene et al., 2021; Ghimire et al., 2021; Kiviranta et al., 2020; Mathur et al., 2020; Priyadarshini and Abhilash, 2020; Puntillo, 2023; Rada, 2019; Ralph, 2021; Rodríguez-Antón et al., 2022).

One of the least investigated areas in the circular economy and renewable energy integration discipline is education and training programs or initiatives (Roleders et al., 2022). Authors have neglected the present human capital aspect of integration. Little emphasis in the literature has covered existing workshops, modules, or organizational professional development programs aimed at integration awareness or growth (Stewart and Niero, 2018). Future researchers may either concentrate on formal education programs or informal knowledge sharing endeavors organizations implement to improve integration. Likewise, future researchers may focus on the curriculum of such programs documenting the various modules and content present in the programs (Awan and Sroufe, 2022).

With the proliferation of quantitative research in the integration of circular economy and renewable energy discipline, researchers are urged to heed best practices in statistical modeling. The present analysis highlighted the importance of many variables determining integration. In the name of parsimony, many researchers may choose to omit some key factors thereby constructing easy to understand or implement models. Such practice, however, runs the risk of generating biased coefficients or estimates because of errors in models' specifications or omitted variables biases (Hassan et al., 2023). Thus, quantitative researchers are recommended to fit a variety of models in a single study to compare the varying measures of strength, explanatory power or goodness of fit (Abduljaber et al., 2025; Almadhi et al., 2023; Barros et al., 2020; Ghisellini et al., 2016; Govindan, 2018; Ioannidis et al., 2023; Milousi and Souliotis, 2023; Mohajan, 2021; Onder, 2019; Pintilie, 2021; Rodríguez-Antón et al., 2019; Wang et al., 2023; Zheng et al., 2023).

Future researchers may utilize longitudinal analysis following a set of manufacturers that implemented integration plans. Such a methodology allows researchers to identify common real-world facilitators and barriers overtime and across cases. Similarly, future researchers may apply agent-based modeling or participatory research to learn insider knowledge on what transpired from the point of origin when a manufacture determines investing in integration to the output, results of integration.



4.4 Limitations

The experts had limited time to share their reflections on the factors facilitating or hindering integration. Thus, they could have covered more variables if the time of the focus group sessions had been extended. Relatedly, focus group discussions are affected by the responses provided throughout the session by participants. Therefore, if the discussions within the sessions featured other topics, more or fewer variables could have emerged affecting the CLD map, network analysis or the most frequently mentioned variables (Islam et al., 2021a).

Experts highlighted a lower number of facilitators and barriers to the integration of circular economy practices into renewable energy. They also emphasized a lower number of connections among the variables compared with the overall literature. A potential explanation is the context. On the one hand, all experts came from Saudi Arabia, which is an emerging economy requiring more infrastructure, technology and human capital upgrades compared with developed economies in North America, Western Europe, and East Asia (Al Shehri et al., 2023). Further, the literature review covered a wide range of geographic areas providing more information from many contexts. Thus, when qualitative research is implemented, researchers need to be cautioned concerning the transferability of the findings in the analysis (Roleders et al., 2022).

One of the crucial limits of the present study plagues the qualitative research paradigm. Causal loop diagrams tend to be highly subjective, complex and dependent on researchers' expertise, biases, as well as reflexivity. As evident in the CLD of the present research, the underlying system of integration is highly complex and relied on experts' coverage, as well as a comprehensive review of the literature. If a different group of researchers conducted the same research, results would be slightly varying given the qualitative nature of the study. Therefore, results and inferences from the research must be considered like any other qualitative finding. Likewise, the expertise and backgrounds of experts affected the type and quality of information used to construct key elements of the analysis. If another panel of experts participated in the research, slight variations would have occurred generating differing findings. Such facts are endemic to qualitative research, and any remedy would fail to uproot their effects on the findings (Rodríguez-Antón et al., 2022; Awan and Sroufe, 2022).

One of the limitations of the analysis is that all focus group participants were from Saudi Arabia. While respondents' answers to the sessions' questions were comprehensive, the content of the responses would have indeed differed if participants came from other countries. Much of the illustrations and examples originated from the Saudi manufacturing sector, as well as environment. Thus, solar power emerged as one of the dominant renewable energy sources when experts provided examples since that is the most prevalent source of clear power in the country.




5 Conclusions

The present analysis reviewed 107 peer-reviewed papers published in English between 2018 and 2023 addressing the integration of CE practices and RE sources. Additionally, the investigation summarized the responses of 10 experts on CE and RE integration in the manufacturing sector who participated in 2 focus group sessions held in 2024 featuring facilities owners, as well as researchers. Based on the mixed methods analytics approach, the papers and focus groups generated a list of 22 facilitators and hindrances (Table 2). The factors represented six distinct themes: (a) regulations, (b) institutions, (c) stakeholders, (d) finance and economics, (e) infrastructure, and (f) technology.

Using the factors and the themes, the researchers constructed a model summarizing the underlying process of CE and RE integration. The CLD map (Figure 4) presents 11 feedback loops organizing the CE and RE integration system. The loops highlight the dynamic structure of integration and the intersectionality of facilitators and hindrances. Network analysis demonstrated that strong government support, technical research and development, human capital technology programs, consultancy services, and cost represented the most important factors in the system.
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