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Abstract

:

Circular Economy (CE) practices and technologies are essential for increasing sustainability performance in manufacturing. Due to the increasing number of environmental regulations and growing public awareness of environmental issues, especially in the EU, CE is increasingly seen as a valuable factor in improving competitiveness. Therefore, there is a need for a fuller understanding of the ways in which CE technologies can be implemented into the manufacturing industries. The aim of this paper is to contribute to the identification of the characteristics of manufacturing companies and their perceptions of the barriers to the adoption of CE technologies. This survey-based study of 241 manufacturing companies (comprising a sub-sample of Slovak and Slovenian companies from the more extensive European Manufacturing Survey) uses a series of statistical tests to examine the implementation of three CE technologies. The results show that there is significant relationship between the adoption of CE technologies in manufacturing companies and their size, location, R&D activities, company age and product batch size. Finally, the research reveals the surprising finding that there is no apparent link between the perception of CE barriers and the plans of companies to implement selected CE technologies.
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1. Introduction


The concept of Circular Economy (CE), a novel economic model which aims to foster sustainable economic growth, boost global competitiveness, and generate new jobs, is attracting growing interest across many sectors of the economy [1]. In the CE framework, technological improvements and innovation can be of considerable benefit in strengthening a company’s competitiveness [2]. As Stahel has noted [3], CE focuses on the optimization of utilization and exploits resource efficiency in addition to leveraging sufficiency and prevention options in order to gain financial advantages and achieve higher levels of competitiveness. However, in order to maintain competitiveness, the presence of barriers forces the implementation of circularity to be gradual and combine both linear and circular models [4]. Moreover, the need to address material flow complexities (such as demand variations or company appearance and disappearance) and dependencies (decisions taken both now and in the future) limits the availability of practical options for optimizing material cycles in the economy [5].



As governing bodies across the globe place a greater emphasis on the implementation of CE practices, there is a growing awareness among companies of the importance of the concept [6]. In the EU context, the transition to CE lies at the core of EU taxonomy for sustainable activities intended to ensure that the objectives of the European green deal can be achieved [7], a program which will shape the future of industries and the competitiveness of specific companies. Gupta et al. [8] suggests that CE practices are crucial for increasing sustainability performance in manufacturing. Furthermore, in their CE framework Lieder and Rashid [9] suggest that a simultaneous focus on perspectives from the macro, meso and micro levels will ensure the concurrent and equivalent visibility of the limitations of natural resources, environmental concerns and individual business needs. Finally, as Bjørnbet et al. [10] have concluded, the field has now moved from the purely conceptual field into empirical studies and research.



A number of studies have been published which have conceptualized and framed the CE concept usually based on existing literature (e.g., Friant et al. [11]), although there is a lack of empirical knowledge on how well companies understand the CE concept. As Friant et al. [11]) stated, the actual definition, objectives and forms of implementation of CE still remain unclear, inconsistent and contested. With the exception of the widely investigated issue of energy efficiency, obviously reflecting energy consumption, investment/costs, or technical/technological issues, it is still unclear how well companies understand energy efficiency activities within the CE concept. This is also evidence for factors affecting the adoption of sustainable process technology. According to Vacchi et al. [12] sustainability in manufacturing companies is linked together and enabled by technology. The authors [12] also claim that the concepts of sustainability and technology are mainly associated together with the meaning of the sustainability of technologies.



Fu et al. [13] prepared a detailed literature review of scientific papers that deal with sustainable technologies (ST) in which they conclude that the results of the research are scattered across different disciplines, making knowledge on ST adoption and influencing factors both fragmented and rather scarce.



Water and energy recycling in industry has been studied from multiple views (from withdrawal proportions to specific technological aspects), but despite its inclusion in the CE context for manufacturing companies (e.g., Vimal et al. [14]), and some recent studies (e.g., Fu et al. [13]) there is no clear understanding of whether and why companies with different characteristics (e.g., size, production/product characteristics, R&D activities) implement these technologies in different patterns. The same applies to the implementation of remanufacturing, one of the best-known CE activities, which is currently enjoying worldwide growth (e.g., [15]). There is widespread awareness of the obvious advantages of this process in terms of conservation of energy and materials (e.g., Reddy et al. [16].) but, once again, there is a lack of knowledge about the sectoral (or other company characteristics) distribution of this potential technology. Finally, a number of studies have also defined and categorized CE barriers, but only few of them have also evaluated the degree of perception (e.g., Rizos et al. [17]); to the best of our knowledge, no study to date has attempted to connect the perception of these barriers with future plans of companies to implement CE technologies.



Based on the identified research gaps, we believe that a detailed analysis of the ways in which companies adopt CE technologies could be crucial in developing effective policy suggestions, and it is also imperative for manufacturing companies to understand the implementation trends in their industry to ensure that they can take appropriate steps in the future. This paper examines several factors which are of relevance to the adoption of CE technologies in manufacturing companies, as expressed by the research questions:




	
What characteristics of manufacturing companies (their product/production) can determine how CE technologies are implemented?



	
What barriers to CE are most responsible for impeding the planned implementation of CE technologies in manufacturing companies?








The paper is structured as follows. The first chapter offers an overview of ST relating to the CE concept (also termed as CE technologies). The methodology section describes the development of the hypotheses, the research concept and methods, and the data which will be analyzed. A series of statistical tests will be performed on data from European Manufacturing Survey 2018, more specifically the country sub-samples for Slovenia and Slovakia. In the results section, the characteristics of the companies, products or production methods which have a significant relationship to implementation of CE technologies are presented, with particular attention being paid to the impact of the perception of the CE barriers on the planned implementation of CE technologies. The final section offers a discussion and summary of the findings.




2. Theoretical Background


2.1. Technology Improvements and CE


Although the concept of CE has a broad scope, it remains closely linked to the waste and/or resource management sector [18]. Resource efficiency essentially means the creation of greater value using fewer natural resources, and the transition to CE can thus contribute towards the drive for sustainable economic growth [19].



A key element of reducing the consumption of resources and limiting pollution from industrial activities is the adoption of environmentally sound technologies (EST) (also called ST). They are defined as both cleaner process techniques and technologies (CTs) and pollution abatement technologies (PATs) [20]. Technological environmental innovations (EI) have emerged as a further crucial element, focusing particularly on increasing resource productivity and enjoying wider popularity as a heuristic for the transition to CE [21]. Nonetheless, companies are often unable or unwilling to invest into improvements in resource efficiency, even when are projected to be profitable [19].



The classification of these ST in a study by Fu et al. [13] has identified energy, water, and material efficiency technologies as among the main generic technologies. This paper will also investigate technologies closely related to these generic categories, more specifically “energy recovery”, “water recycling/reuse” and “remanufacturing” and offer a more detailed discussion of these processes within the context of CE in the following sub-section. Since a separate investigation is focused on the relation between the perception of barriers to CE and the implementation of these technologies in manufacturing companies, Section 2.3 summarizes the typology of investigated barriers.




2.2. Generic ST Relevant to the CE Concept


The issue of energy efficiency and saving in industry has been investigated from a variety of perspectives. Energy studies which focus on industry (e.g., [22,23,24]) usually use variables or data reflecting energy consumption, investment/costs, or technical/technological issues. Energy recovery is a widely accepted concept which refers to the idea of circularity in manufacturing. Since energy recovery is not a new concept, is not surprising that in some part of the world high levels of circularity have already been achieved with regards to energy recovery [25]. Despite this, the New Circular Strategies Scanner developed for the manufacturing context by Blomsma et al. [26] lists “energy recovery” as part of the so-called “restore, reduce & avoid strategy”, and adds “energy” as a relevant layer, thereby implying that a stronger emphasis on clean (renewable) energy sources and an overall reduction in energy consumption should be considered. Reduced energy consumption in product manufacturing leads to the improvement of circularity potential and gains in process efficiency [27]. More specifically, technologies such as, for example, heat recovery systems can significantly reduce, among others, energy consumption, emissions, and cost in manufacturing, while maintaining the quality of the final product [28].



Water is one of the most important raw materials which are used in industry, with water use by industry accounting for approximately 20% of global withdrawals (energy production is responsible for approximately 75%, manufacturing for 25% [29]). The volumes which are used can be either sector specific (with the chemical, steel/metallurgy and pulp/paper industries known to be predominant), country specific (for example, the total water use by manufacturing industry varied from 193 m3 per capita in the Netherlands (2018 data) to 4 m3 per capita in Cyprus (based on data from 2017) [30]) or related to other factors. Water can be materialized in the final product or may also feature in different stages of the production process. Water recycling and reuse can not only save fresh water but also reduce wastewater discharge and reduce the pressure on water treatment facilities, generating significant economic and environmental benefits [31]. Wastewater generated as a byproduct of production can also be treated, reclaimed, recycled and applied in manufacturing processes [32], and water recycling technologies have already been introduced into different industries including iron and steel making [33], the paper industry [34], and the food industry [31]. As Reh [34] has concluded, the recycling of used water in industry has considerable potential for growth and innovation. In the context of circularity, for example, a model for circularity assessment developed by Vimal et al. [14] lists water recycling within the closed-loop manufacturing circularity criteria.



The U.S. and the European Union account for the bulk of global remanufacturing activities and trade, but Brazil, India, and China are also developing their own remanufacturing industries in response to growing domestic demand [15]. More and more manufacturing companies are shifting their attention to CE due to the rising costs of input materials [35]. A focus on the design of circular products is part of the implementation of circular or closed-loop manufacturing approach, while the three post-use strategies of reuse, remanufacturing, and recycling are highly relevant in the effort to achieve loop closure [36]. Jawahir and Bradley [37] have envisioned a future in which all products reaching the end of their primary use are recovered, and either reused, remanufactured, or recycled over multiple generations. Processes such as repair, refurbishment and remanufacturing are intended to retain the value of the product throughout its life cycle [38]. As we can see, remanufacturing helps in harnessing environmental, economic, and social benefits by extending the life cycle of end-of-life and end-of-use items [39]. The approach conserves energy and materials and in particular conditions it can even substitute the manufacturing process entirely [16]. In closed-loop supply chains, remanufacturing can also have implications both for stock reduction and production stabilization [40]. Recently developed technologies such as additive manufacturing (AM) could also lead to more effective methods of remanufacturing [41].




2.3. ST and Company Characteristics


Fu et al. [13] summarized and classified several factors that impact ST adoption, among them also company and technology/production characteristics. Company size is the most frequent characteristic in recent studies, although no studies can be found which examine the recycling technologies group, and the conclusions of these studies differ regarding the effect of company size; positive [42,43], negative [44] and no significant effect relationships were identified in various studies [45,46].



Several studies on R&D activity and its impact on ST adoption show that R&D has a significant positive effect only on whether a firm adopts energy-saving technologies and invests in clean technology, not on investment in various types of ST [42,43,44,47]. Only two studies on financial capability, measured by the profitability, per capital income, and market share, were found, with both suggesting that financial capability does not have a significant effect on ST adoption [44,45].




2.4. Barriers (Challenges) to the Adoption of CE Concept


Over the last decade, research into the CE concept has also focused on the identification or systemization of the barriers which can prevent the full adoption of CE principles. The focus ranges from the regional or country (i.e., macro) level (e.g., [48,49,50,51]) through the industry (i.e., mezzo) level (e.g., [52,53,54,55,56]) to the company (i.e., micro) level (e.g., [17,57]). Barriers have been classified on the basis of systematic literature reviews (e.g., [17,55,58,59]) or identified by empirical research (e.g., [50,51,52,60]). Studies by de Jesus & Mendonça [58] and Kirchherr et al. [50] have categorized barriers into groups which cover regulatory/policy barriers, market/economic barriers, technical/technological barriers, and social/cultural/public participation barriers. Following the findings of these barrier studies and major groups, this study will investigate seven barriers: the market challenges associated with reused products, the high costs of technologies, the difficulty of forecasting benefits and the risks involved in redesigning business models for circularity (together comprising the market/economic group), legislation barriers (comprising the regulatory/policy group), the lack of appropriate technologies (comprising the technical/technological group) and finally, the lack of internal culture/strategic commitment (comprising the social/cultural group).





3. Materials and Methods


The main scope of the research is focused on the relationship between the implementation of CE technologies and the company/product/production characteristics of a company.



A Hypothesis (H1) was developed in order to investigate this relationship (Figure 1). It is hypothesized that there are significant variations in the implementation of CE technologies in companies from different countries and with different product or manufacturing characteristics (Figure 1). The first argument is related to the existence of business support institutions, “green” attitudes, and other factors which are known to vary from country to country. The second argument reflects the fact that various technological/product configurations in different industries could either limit or promote the implementation of specific CE technology.



In addition to H1, a more specific hypothesis (H2) was also developed which focuses on the relationship between the implementation of CE technologies and the perception of barriers to CE (Figure 1). While it might seem logical to assume that companies that have a strong perception of barriers would be less likely to implement CE technologies than those with a lower perception of such barriers, a fuller evaluation of such an assumption would require data that describes the predicted future implementation of CE technologies or their implementation in companies. The questionnaire which was formulated for our research also incorporates a sub-question querying the planned future implementation of each investigated technology within a three-year time horizon, and it was therefore possible to acquire data on this issue. We therefore hypothesize that there is a relationship between a current perceptions of CE barriers and the implementation of CE technologies in the near future (H2) (Figure 1).



Data


The research is based on data derived from the European Manufacturing Survey (EMS), more specifically the sub-samples for Slovakia and Slovenia. The EMS is a European joint survey project conducted by Frauhofer ISI which investigates numerous aspects of manufacturing companies (NACE codes 10 to 33) with more than 20 employees across 17 European countries. The respondents in companies are production managers, executive officers or owners of the facilities and were contacted either electronically or by post.



The survey was constructed with a core set of questions that are used in all countries. In addition to core questions some non-core questions (country specific) are integrated into the national questionnaires for each specific country by national teams. This approach allows a more detailed analysis of CE technologies, barriers and motives in the Slovak and Slovenian contexts which builds on previous investigations into the field of material and energy efficiency in the wider EMS consortium. The research incorporates several CE technologies, motives and barriers which were selected on the basis of literature reviews, EMS focus and opinion of experts from several countries. Although only Slovakia and Slovenia added all relevant questions for our research, it should be emphasized that in the case of recent CE studies, we can usually find only “single country studies”. Therefore, our research offers a bi-national perspective from two countries with several similarities in their industry structure, GDP/capita end export orientation.



The following wording was used in the questionnaires: “Which of the following technologies are currently used in your factory?”. The technologies were defined clearly (see below), and respondents could select either “yes” or “no” for each individual technology. The exact wording in case of three investigated CE technologies was as follows:




	
“Technologies for recycling and re-use of water (e.g., water recirculating system)” = “water recycling and reuse”,



	
“Technologies to recuperate kinetic and process energy (e.g., waste heat recovery)” = “energy recovery”,



	
“Technologies of remanufacturing (including inspection, disassembly, cleaning, reprocessing, re-coating, additive repair, etc.)” = “remanufacturing”.








The data was collected independently in both countries at the end of 2018 and in the spring of 2019 and the size of the total sample (i.e., the total number of cases) is 241. The basic characteristics of the sample are presented in Table 1. Companies are distributed according to NACE Rev. 2 technological intensity into four groups: high-technology, medium-high-technology, medium-low-technology and low-technology companies.



In Slovakia, the total number of manufacturing companies with NACE Rev. 2 codes 10–33 and more than 20 employees in 2017 was recorded as 2.527 companies (i.e., the total size of the population). Eight hundred of these companies were selected by stratified random sampling, which allows researchers to obtain a sample population that best represents the entire population being studied. Of the companies surveyed, 114 completed the questionnaire, giving the survey a response rate of 14.5%. The sectoral distribution and size structure of the surveyed companies offers a suitable cross-sample of the structure of the entire population.



Slovenia is an even smaller country than Slovakia, and therefore we were able to target the whole population of manufacturing companies, ensuring the highest possible representation. 847 questionnaires were sent, and 127 responses were received, a response rate of 15%.



A series of tests was performed in order to examine the possible relationship between the different “characteristics” of companies, CE motives, CE barriers and the implementation of CE technologies. All three dependent variables (i.e., the three CE technologies) were systematically verified using statistical tests to determine whether there are statistically significant differences between two groups of companies with similar values of independent variables (i.e., turn-over, number of employees, Return on Sales (ROS), R&D activities, etc.). The groups of companies were defined based on their average value in the whole sample. The first group was formed of companies with lower-than-average values and the second group by companies with higher-than-average values. However, the data did not display a typical distribution and lacked any repeated measures, and therefore the Mann–Whitney U test, χ2 and Kruskal-Wallis test were applied to the data depending on the number of groups in the sample and data type. For example, when investigating variance in the implementation of CE technologies related to high/low perceptions of CE barriers (Tab. 6), the sample size is relatively small since only a limited number of companies are planning to implement CE technology in next three years. In this case, the Fisher test (a variant of χ2 for small samples) was used.





4. Results


4.1. Implementation of CE Technologies in Companies


The general statistics on the implementation of CE technologies in manufacturing companies in Slovakia and Slovenia (Table 2) shows that each specific technology (“water recycling”, “energy recovery”, and “remanufacturing”) is currently being used by approximately one quarter of the surveyed companies.



In this section, we will interpret the findings of the statistical testing of the relationship between the control variables and the implementation of three CE technologies (Table 3). In terms of NACE, the results show that the only statistically significant relationship is that between NACE and “water recycling” technology, with this technology being implemented in a significantly higher percentage of medium-low-tech companies in comparison to low-tech companies. The performance of R&D in the company has a relationship to the implementation of two of the three CE technologies (“water recycling” and “remanufacturing”), while in both cases, these technologies are implemented in significantly higher percentage of companies that perform R&D activities. The investigation of product/manufacturing characteristics in relation to the implementation of CE technologies revealed that batch size is an important factor, with a significantly lower percentage of companies categorized as “single unit production” companies implementing two CE technologies (“energy recovery”, “water recycling”) in comparison to other companies (medium and large batch). Company size, (measured by either by turnover or the number of employees) has a significant relationship to the implementation of two of the three CE technologies (“energy recovery”, “water recycling”). In both cases, a significantly higher percentage of larger companies were found to have implemented these technologies in comparison to smaller companies. In terms of ROS, the data shows that this factor has no significant relationship to the implementation of any of the three CE technologies. However, the company age was found to be related to the implementation of two of three CE technologies (“water recycling” and “energy recovery”), with both technologies being implemented in a significantly higher percentage of companies that are older than the average age of companies in the sample. With regard to the relation between CE technologies and CE motives, the data shows that only the “cost savings” motive had any significant relationship with the implementation of CE technology implementation. A significantly higher percentage of companies that selected this motive employed energy recovery technologies in comparison with companies that did not select this motive. Additionally, we used “country” variable to test whether there were any significant differences between the implementation of CE technologies in Slovenian and Slovak companies. The data shows that a significantly higher percentage of Slovenian companies have implemented CE technologies than Slovak companies.




4.2. Planning the Implementation of CE Technologies in Companies


In addition to an analysis of the actual implementation of the three CE technologies, we also investigated the plans of manufacturing companies in Slovakia and Slovenia regarding the implementation of CE technologies in the period from 2019 to 2021 (Figure 2). As was expected, the comparison of the three technologies showed that the highest percentage of companies are planning the implementation of “energy recovery” technology, with a substantially lower percentage considering the use of “water recycling” technology and only a marginal percentage of companies projecting the introduction of “remanufacturing” technology. Furthermore, Figure 1 shows a significant difference between Slovak and Slovenian companies in the case of each of the technologies, with a higher percentage of Slovenian companies either planning or having already introduced the technology than was the case with Slovak companies.




4.3. Relationship between Current Perceptions of CE Barriers and the Planned Implementation of CE Technologies


The data also revealed that there is no significant relationship between the current perception of CE barriers and the planned implementation of CE technologies (Table 4). This is a somewhat surprising result, since it had been expected that in the case of at least some of the barriers, companies that perceived the barrier(s) to a lower degree would be more likely to be planning the implementation of one or more CE technologies.





5. Discussion


5.1. Implementation of CE Technologies


In general, there is a notable lack of any detailed data mapping the level of implementation of CE technologies across entire industries or countries. Our data fills this gap and shows that around one quarter of the surveyed manufacturing companies use “energy recovery” technology and a similar proportion was also recorded for the technologies of “water recycling/reuse” and “remanufacturing”. In comparison, according to the EU Survey (distributed to more than 20,000 contacts that were identified as very likely to be remanufacturing actors), 162 (85%) of 190 respondents reported that their company undertakes remanufacturing activity [61], a figure which is far higher than our research has indicated, although it should be noted that there are significant differences in the sample of respondents which the two studies and surveys have investigated.




5.2. Influences on the Implementation of CE Technologies


According to Rajnoha & Lesníková [62], company size is a relevant factor in engagement in environmental issues, and they suggest that the larger the company is, the greater the focus it places on environmental issues. Nonetheless, Fu et al. [13] conclude that studies differ concerning the effect of company size on ST adoption. They also offer possible reasons for the negative effect of company size (the fact that smaller companies are early adopters of innovative technology), the positive effects of company size (the greater financial resources and easier access to knowledge enjoyed by larger companies) and the contrasting effects of company size (e.g., the so-called U-shaped relationship). Some indirect explanations of the positive effect of company size can also be found in the study produced for the European Commission which states that although SMEs are generally aware of national environmental legislation, they lack the specific knowledge and capacity to comply with the necessary requirements [63]. In this respect, other studies have found that perceptions of the pressure of coercive environmental regulation and market pressure have a greater influence on ST adoption among larger companies than on small companies [64,65]. Our empirical study supports these explanations of the positive effects of company size, since the data shows that larger companies were more likely to have implemented two of three investigated CE technologies (“energy recovery” and “water recycling”).



Based on a recent review paper by Fu et al. [13], profitability does not appear to have a significant effect on ST adoption in most cases. The only exception is a study by Meynard and Shortle [44] for implementation of highly specific technology. Our profitability data (measured by ROS) shows “no relation” results in the case of all three of the investigated CE technologies. Again, this finding is perhaps surprising, as it might be expected that more profitable companies would be able invest more in CE technologies. When interpreting our results, however, it should be noted that the ROS variable reflects its value at only one point in time, more precisely the year 2017, and not an average value in longer time period.



Cainelli et al. [66] have stated that R&D is too generic and weak innovation commitment to enhance the adoption of eco-innovations (EI). They also stated that other techno-organizational features are required to enhance the adoption of EI. Their later econometric analysis [67] shows that companies typically adopt EI on the basis of company specific and relational factors, with the more common drivers such as R&D having little or no impact. In partial disagreement with Cainelli, Fu et al. [13] found that R&D activity has a significant positive effect on the adoption of energy-saving technologies. They further explain that R&D activity is valid for the adoption of energy-saving technologies and investment in clean technology, but not on the level of the adoption of clean or end-of-pipe technologies or investment in various types of STs. Furthermore, in relation to technology type, Bhupendra and Sangle [68] found that clean technology adoption requires a broad innovative capability, while the adoption of pollution prevention technology requires only a partial innovation capability. Our results contrast with those of Fu et al. [13], since they show that the performance of R&D activities within companies does in fact have a relationship to the implementation of two of the three CE technologies (“water recycling” and “remanufacturing”), but that this is not the case with “energy recovery”. As expected, both technologies are implemented in a significantly higher percentage of companies that perform R&D activities.



In terms of differences related to the country in which the company (or factory) is located, the data shows that a significantly higher percentage of Slovenian companies have implemented CE technologies in comparison to Slovak companies (see Figure 2). In the case of water recycling technologies, these differences could be influenced by the higher share of water withdrawal by industry as a percentage of total water withdrawal in Slovenia (Slovakia: 41.56% (2017); Slovenia: 81.38% (2017) [69]). We also have to consider the structure of manufacturing companies in both countries, since not all NACE C sectors in Slovenia were included in the survey as was the case with Slovak companies. Slovenian companies are also typically suppliers for other European companies, especially Western European companies, and a closer look at the survey results for Slovenian manufacturing companies reveals that suppliers implemented all three analyzed CE technologies much more frequently than OEMs. This factor is a major contributor to the total number of CE technologies implemented in Slovenia, as the implementation of these technologies might even be a prerequisite for doing business with foreign OEMs.



In EU32, a wide range of policies have been introduced aimed at influencing resource use; within the context of SMEs alone, more than a hundred such initiatives are now in effect [70]. A number of previous studies (e.g., [20,64,71,72]) have found that governmental regulations have a positive effect on the adoption of sustainable process technologies. Based on an extensive survey of EU companies, a study by Cainelli et al. [73] supports the idea that environmental policy is a significant factor in driving the adoption of innovations that promote recycling, reduce waste and decrease the use of materials. They conclude that there seems to be a general consensus that stricter environmental regulation is expected to increase adoption incentives, but some studies have cast doubt on the validity of such a statement with respect to specific technologies, environmental policy tools (e.g., [74]) and the type of innovation (e.g., there is less evidence of the impact of innovations related to material inputs reduction [73]). In addition, Perino and Requate [74] found that given a sufficient degree of symmetry between companies, the relationship between the rate of advanced technology adoption and the stringency of environmental policy takes the form of an inverted U-shape. Moreover, an interesting study by Horbach [75] shows that regulatory activities seem to be more important for Eastern countries than they are for the “richer” Western European countries in terms of the introduction of eco-innovations. In the CE context, Cainelli et al. [73] noted that the existing environmental regulations offer significant and positively support for the adoption of CE related innovation by companies, with companies located in regions featuring more effective separated waste collection and stricter waste policies are more likely to adopt EI [73]. The authors also argued that there appears to be some degree of agreement on the potentially positive impact of environmental regulatory stringency on the incentives of regulated companies to adopt cleaner technologies. Surprisingly, our data shows no significant relationship between the selection of the “regulation compliance” motive for the adoption of CE initiatives and the implementation of any of the investigated CE technologies. However, the “no relation” result could be affected by how the nature of the survey itself. In our survey, respondents were asked to select one or more generic motives for the adoption of CE initiatives. We did not ask respondents individually for the motives behind the adoption of specific CE technology, nor did we directly ask whether any specific regulation had had an effect on the implementation of a specific CE technology within the company. Cost savings are an important motivation for reducing energy and material use, emphasizing the key role of energy and raw material prices as drivers for eco-innovation [76,77]. Our study partially supports studies showing that cost-savings are an important motive for the implementation of CE technologies, since it shows that companies selecting the cost savings motivation had implemented energy recovery technologies in a significantly higher proportion, but no similar relationship was identified in the case of water reuse/recycling or remanufacturing technologies.




5.3. Relationship between Current Perceptions of CE Barriers and the Planned Implementation of CE Technologies


The reasons for the lack of any significant relationship between any of seven investigated CE barriers and the planned implementation of any of three investigated CE technologies are not entirely clear. There may be some bias at play caused by ambiguities over which types of technologies and practices can be considered as falling under the CE umbrella; for example, our inclusion of energy recovery and water recycling/reuse to CE technologies may not have been clearly understood by some companies. However, there should have been less confusion in the case of remanufacturing, since this technology was clearly listed under the CE technologies group in the questionnaire. Another possible explanation might be the size of the sample in terms of the number of companies in both countries that are planning to introduce at least one of the analyzed ST.





6. Conclusions


The results regarding the implementation of the three investigated CE technologies in manufacturing companies show that each of the technologies is used by approximately one quarter of the surveyed companies. Our data further shows that there is a significant relationship between company size (in concordance with Calogirou et al. [63], Fu et al. [13], Huang et al. [64] and Triguero et al. [65]), the performance of R&D activities (in contradiction to the findings of Fu et al. [13]), product/manufacturing characteristics of companies, company age, and country and the implementation of the CE technologies. In contrast, little or no relationship was found in the case of the NACE and ROS variables (a finding in agreement with Fu et al. [13]). In a more detailed analysis, larger companies were found to be more likely to have implemented two of the three investigated CE technologies (“energy recovery” and “water recycling”). “Water recycling” and “remanufacturing” technologies were implemented in a significantly higher percentage by companies that perform R&D activities, while the data showed no relationship between the adoption of “energy recovery” technologies and the performance of R&D. Regarding the product/manufacturing characteristics of companies, it was found that batch size was an important factor, with a significantly lower percentage of companies practicing “single unit production” implementing two of the three CE technologies (“energy recovery” and “water recycling”). Company age was also identified as a factor in the implementation of two of the three CE technologies (“water recycling” and “energy recovery”), with both technologies being implemented in a significantly higher percentage of older companies. Lastly, the country of origin also had significant influence on the implementation of CE technologies, with a higher percentage of Slovenian companies implementing cleaner technologies in comparison to Slovak companies. Surprisingly, our results also reveal that there is no significant relationship between the current perception of CE barriers and the planned implementation of CE technologies in the near future.



Some theoretical contributions can be derived from this paper. The first contribution concerns the study of specific company and product characteristics that can affect the adoption of selected ST. While several of these characteristics have been studied before, the topic is still largely unexplored. In a debate on company size and adoption of ST we clearly support a broader stream of research and suggest that larger companies have a much higher tendency to introduce ST. The only exception to this rule is “remanufacturing” ST, where company size does not play an important role neither in terms of the number of employees nor in terms of annual turnover. We also expand upon the perception of the R&D effect, with our results appearing to contradict the findings of other literature show that manufacturing companies with more intensive R&D activities are more prone to adopt different types of ST.



The second theoretical contribution deals with the company and production characteristics that effect ST adoption, an issue which to our knowledge has not been studied before. One of these characteristics is product/production type. Production batch size is a clear factor that impacts the adoption of “energy recovery” and “water recycling” technologies, whereas production batch size is not a factor which influences the decision to use “remanufacturing” activities. Another important finding that has not been explored sufficiently in the past is the fact that the technological intensity of the companies (industry) has no effect on ST adoption in terms of all three of the selected ST.



The third contribution lies in the finding that there is no significant relationship between the current perception of CE barriers and the planned implementation of CE technologies in the near future. This has considerable implications for the theoretical aspects of the issue. One could logically expect that some relation would exist in the case of “remanufacturing” technology, one of the best-known CE activities. One explanation for this apparent discrepancy may lie in the possibility of unclear understandings of the CE concept by manufacturing companies in general, for example by their failure to consider at least their remanufacturing activities as a core part of CE initiatives. Therefore, this “no relation” result could indirectly support the notion that companies have limited knowledge about the CE concept.



This contribution also has some limitations. One of the limitations of this research is that it does not cover the full range of CE technologies and CE barriers. The high number of specific technologies and barrier mentioned in the relevant literature and the limited space in EMS questionnaire meant that it was not possible to include all of the technologies in the survey and it was instead necessary to select the most appropriate examples or merge other categories together. Another limitation is the spatial distribution of the data. Although seventeen European countries participated in the EMS survey, only two of the national surveys (Slovakia and Slovenia) included questions that investigated the implementation of all three of the investigated CE technologies and the perceptions of CE barriers and motives, and therefore the analysis in this study was limited to these two countries. A final limitation is related to the awareness of CE among the managers. Although a concise definition of the term CE was provided in the questionnaire in order to ensure that the respondents had a clear understanding of the initiatives (and actions) which are covered by the concept, it is possible that the answers concerning the barriers to adoption and the motives for CE implementation were influenced by the level of knowledge of each individual respondent. It was not possible to measure the degree of awareness among respondents, but the impact of this factor on the significance of the presented results could be assuaged if we assume the possibility of the random character of variations in knowledge.



The findings of our research also have some implications in the managerial sphere. Managers of large companies that have not yet implemented CE technologies in terms of water recycling, energy recovery or remanufacturing will be made aware of the fact that other large companies are already investing heavily in CE technologies. While the use of these technologies may not present a clear financial advantage at this time, the positive impact of a “green image” in the future will on one hand represent a valuable competitive criterion, as well as a necessity in alignment with existing environmental policies. Cost savings, at least in terms of energy recovery technologies, have already been identified as a powerful motive for investment into these technologies. An important finding is also the fact that R&D-oriented manufacturing companies are more likely to invest in CE technologies, suggesting that innovative companies are already considering the environmental issues related to manufacturing processes.



As the topic of CE continues to grow in relevance, we expect that the concept will also become clearer to manufacturing companies, removing one of the biggest limitations in CE and ST research. Our future research into this topic will expand the CE and ST issues to a larger group of European countries in our EMS consortium. This type of approach will allow us to conduct a more in-depth analysis of factors that affect ST adoption on a multi-country level. We will also include new important factors for ST adoption, such as Industry 4.0 and the digitization maturity level of manufacturing companies.
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Figure 1. Research concept. 
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Figure 2. Current status and plans of the companies to implement CE technology in near future. 
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Table 1. Characteristics of respondents (sample of companies).
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	High Tech

(NACE 21,26)
	Medium High Tech (NACE 20,27–30)
	Medium Low Tech

(NACE 19,22–25,33)
	Low Tech

(NACE 10–18,31,32)
	Total





	Frequency
	10
	90
	99
	42
	241



	Percentage
	4.15%
	37.34%
	41.08%
	17.43%
	100.00%



	Frequency Slovakia
	5
	47
	33
	29
	114



	Frequency Slovenia
	5
	43
	66
	13
	127



	Annual Turnover 2017 (mil. EUR)
	26.232
	62.901
	35.574
	16.357
	42.354



	No. employees 2017
	288.6
	326.97
	162.94
	110.05
	220.19



	Year of establishment
	1987.44
	1991.51
	1987.6
	1992.43
	1989.91



	ROS
	3.4
	3.22
	3.22
	2.85
	3.17
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Table 2. Statistics for questions identifying the implementation of CE technologies in companies.
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	Water Recycling
	Energy Recovery
	Remanufacturing





	Technology used (% of companies)
	27%
	29%
	27%










[image: Table] 





Table 3. Implementation of CE technologies in companies with different company/product/production characteristics.
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Independent (Control) Variable

	
Average Value of Control Variable of All Companies

	
Dependent (Explained) Variable = Specific CE Technology

	
% of Companies (That Belong to One of the Four NACE Groups 1) That Use Particular CE Technology

	
Statistical Significance of Difference between Compared Groups of Companies (0.05 sig. Level)






	
NACE

	

	
Water recycling

	
35 (medium-low-tech)

	
8 (low-tech)

	
significant




	

	

	
Energy recovery

	

	

	
not significant




	

	

	
Remanufacturing

	

	

	
not significant




	

	

	

	
% of companies (with values higher than average) that use particular CE technology

	
% of companies (with values lower than average) that use particular CE technology

	




	
ROS

	

	
Water recycling

	

	

	
not significant




	

	

	
Energy recovery

	

	

	
not significant




	

	

	
Remanufacturing

	

	

	
not significant




	
Year of establishment

	
1990

	
Water recycling

	
20

	
46

	
significant




	

	

	
Energy recovery

	
20

	
49

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
Turnover (2017)

	
42 mil. EUR

	
Water recycling

	
45

	
24

	
significant




	

	

	
Energy recovery

	
61

	
24

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
Turnover (2015)

	
32 mil. EUR

	
Water recycling

	
48

	
23

	
significant




	

	

	
Energy recovery

	
59

	
23

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
N. of employees (2017)

	
220

	
Water recycling

	
42

	
22

	
significant




	

	

	
Energy recovery

	
55

	
20

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
N. of employees (2015)

	
213

	
Water recycling

	
46

	
22

	
significant




	

	

	
Energy recovery

	
54

	
21

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	

	

	

	
% of companies that do R&D that use CE tech

	
% of companies that do not do R&D that use CE tech

	




	
R&D

	

	
Water recycling

	
38

	
21

	
significant




	

	

	
Energy recovery

	

	

	
not significant




	

	

	
Remanufacturing

	
37

	
19

	
significant




	
Product/production characteristics

	

	

	
% of companies that have this characteristic that use CE tech

	
% of companies that do not have this characteristic that use CE tech

	




	
-single unit production

	

	
Water recycling

	
6

	
33

	
significant




	

	

	
Energy recovery

	
17

	
31

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
-small/medium batch

	

	
Water recycling

	

	

	
not significant




	

	

	
Energy recovery

	
21

	
34

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
-large batch

	

	
Water recycling

	
40

	
20

	
significant




	

	

	
Energy recovery

	
44

	
19

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
Specific motives for CE initiatives

	

	

	
% of companies that selected this motive that use CE tech

	
% of companies that not selected this motive that use CE tech

	




	
-regulation compliance

	

	
all CE tech.

	

	

	
not significant




	
-cost savings

	

	
Water recycling

	

	

	
not significant




	

	

	
Energy recovery

	
36

	
13

	
significant




	

	

	
Remanufacturing

	

	

	
not significant




	
-company value growth

	

	
all CE tech.

	

	

	
not significant




	
-green differentiation /marketing

	

	
all CE tech.

	

	

	
not significant




	
Country

	

	

	
% of Slovenian companies that use CE tech

	
% of Slovak companies that use CE tech

	




	

	

	
Water recycling

	
39

	
14

	
significant




	

	

	
Energy recovery

	
34

	
23

	
significant (on 0.1 level)




	

	

	
Remanufacturing

	
37

	
15

	
significant








1 NACE groups: high-tech (NACE 21,26), medium-high-tech (NACE 20, 27–30), medium-low-tech (NACE 19, 22–25, 33), low-tech (NACE 10–18, 31–32).
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Table 4. Variance in the planned implementation of CE technologies related to weak/strong perception of CE barriers.
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	CE Barrier
	Average Value of Barrier Perception 1
	Specific CE Technology
	% of Companies with Lower than Average Perception of Given Barrier that Use CE Tech
	% of Companies with Higher than Average Perception of Given Barrier that Use CE Tech
	Statistical Significance of the Difference between Compared Groups of Companies





	-market challenges of reused products
	1.92
	all CE tech.2
	
	
	not significant



	-economic barriers
	2.92
	all CE tech.
	
	
	not significant



	-lack of technologies
	2.5
	all CE tech.
	
	
	not significant



	-legislative barriers
	2.42
	all CE tech.
	
	
	not significant



	-lack of internal culture
	2.12
	all CE tech.
	
	
	not significant



	-risk of business model
	2.34
	all CE tech.
	
	
	not significant



	-difficulty of forecasting results
	2.56
	all CE tech.
	
	
	not significant







1 1 (not perceived)–5 (very highly perceived) 2 all CE tech. = Water recycling, Energy recovery and Remanufacturing.
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