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Abstract
The circular revolution has emerged as one of the greatest current and future chal-
lenges for Europe and globally. In this new paradigm shift, everyone is called to 
contribute, from consumers to firms. Small and medium-sized firms, thanks to their 
size, dynamism, and strong presence across Europe, can play an active role in driv-
ing change. Their innovative activities/approaches can guide them both toward a 
circular future and toward the path of sustainable growth. This work aims to ana-
lyze the drivers that push firms to adopt a circular innovation path, using data from 
a two-period survey of Italian manufacturing SMEs. By focusing on key variables 
identified in the literature, the results demonstrate a certain heterogeneity among the 
drivers influencing the five categories of circular innovation considered.
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1  Introduction

The pressing need to combat climate change and environmental degradation has 
demanded a robust global response. With the world population now surpassing 8 
billion, the impacts of environmental decline and resource depletion are intensi-
fying at unprecedented levels. The scale of these challenges emphasizes the need 
for immediate, coordinated action across regions. While the focus must be on 
restoring a proper socio-economic-environmental balance, actions across differ-
ent fronts of human activity are needed. This requires joint effort.

The European Union (EU) has demonstrated the clear and pressing need for 
a shift toward more sustainable socio-technical frameworks. This understand-
ing lies at the heart of the 2019 European Green Deal, which to date represents 
the most comprehensive strategy for the business–economic–political dynamics 
needed for transitioning to a climate-neutral, resilient world. EU targets for 2030 
(the Climate and Energy Framework, and the Energy Union) and especially for 
2050 (i.e., 2050 climate neutral economy and the 2050 objective of the Environ-
ment Action Programme), pose challenges for substantial economic and social 
transformations, leading to a new vision in which sustainability underpins overall 
development.

Transitioning our modern economies from fossil fuels to deep decarbonization, 
as well as the broader effort of ensuring compatibility between human prosperity 
and planetary boundaries, represents one of the most profound socio-economic 
revolutions in human history (Mazzanti and Zecca 2023). How to reach these 
challenging targets remains an open debate, given the diverse interests involved. 
What has become clear, however, is that the transition requires a radical change in 
our system of thinking. It involves transforming production and consumption sys-
tems and redefining our concept of lifestyle. Only penetrating and broad-ranging 
actions across social, technological, economic, and political spheres can support 
the required change. As Edmonson et  al. (2019) stated, the transition to a cir-
cular economy (CE) is highly influenced by composition, innovation, intensity, 
policy settings, and the evolution of new green markets. The increasing relevance 
of digitalization has been highlighted in the literature (Pagoropoulos et al. 2017), 
and is reinforced in the New Industrial Strategy for Europe (2020), which focuses 
on the need for the environmental revolution to go hand in hand with the digi-
tal revolution, as a twin transition. Within this scenario, the CE is increasingly 
seen by policymakers as an innovative approach to sustainable development, one 
that goes beyond a model based on materials loops aimed at resource and waste 
reduction (Geissdoerfer et al. 2017).

Considering the state of the world, innovation is among the relevant catalysts 
for the sustainable transition. According to the European Environmental Agency 
(2014), innovation is commonly regarded as the most effective response to sus-
taining current standards of living and overcoming environmental concerns. Inno-
vation plays a key role in the fulfilment of the CE strategy (EEA 2016). The lit-
erature has debated for decades on the role of eco-innovation (EI) (Kemp 1997; 
Rennings 2000; Kemp and Foxon 2007; Arundel and Kemp 2009), its impact on 
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SMEs (Horbach et  al. 2013; Horbach 2016), while introducing new innovative 
strategies and the resulting benefits, represents a central theme in the evolving 
transition debate (Porter 1991; Porter van der Linde 1995). Moreover, the hetero-
geneity of technological and environmental performance across sectors requires 
in-depth meso- and micro-analyses to unveil the relevant macroeconomic deter-
minants (UNIDO 2016). The relationship between EI and the CE is also being 
debated in the literature. Chioatto et al. (2024) clarified that while eco-innovation 
refers to a new solution that reduces environmental harm, for it to be seen as cir-
cular, it must adhere to the principle of circularity. This highlights the absence 
of a bidirectional relationship between the two concepts: while all circular inno-
vations are eco-innovations, the reverse is not necessarily true. Another aspect 
related to CI and EI is a potential drawback highlighted in the economic lit-
erature: the rebound effect. This occurs when efficiency gains from innovation 
lead to increased overall resource consumption, thereby offsetting some of the 
expected environmental or economic benefits. However, this issue has not been 
extensively addressed in the economics literature.

The role of SMEs is particularly relevant in this context. According to the Euro-
pean SMEs Annual Report, in 2024, SMEs constituted 99.8% of all European firms. 
They accounted for two-thirds of EU employment and generated approximately 
half of Europe’s gross domestic product. They are also increasingly adding value to 
every sector of the economy (Katsinis et al. 2024). De Jesus Pacheco et al. (2017) 
reviewed the determinants of eco-innovation for manufacturing SMEs, emphasizing 
their role in transitioning to sustainable development.

Building on this research strand, which examines the role of SMEs in green inno-
vation, this paper analyzes the eco-innovation drivers associated with the circular 
paradigm for SMEs in the Italian manufacturing sector. Exploiting panel data cover-
ing the 2-year periods 2018–2019 and 2020–2021, the paper aims to combine vari-
ous circular innovation strategies with different firm characteristics to identify the 
enabling factors. The methodology leverages the panel framework of the dataset, 
controlling for unobserved heterogeneity and focusing on the role of environmental 
knowledge among management, education for employees, skills, and R&D invest-
ments, while controlling for export trade and sector type.

The study aims to assess the influence of enabling factors across two dimensions. 
The first dimension considers the simple choice of whether or not to adopt at least 
one circular innovation per type (i.e., innovative practices/actions that are new to 
the firm, the market, or the entire world and that represent new alternative solu-
tions aimed at pursuing closing the loop), while the second considers the intensity 
of adoption based on the number of circular innovations adopted per type. In both 
cases, we identified differences among the categories of circular innovations con-
sidered and aimed to capture the degree of heterogeneity in the stimulating factors 
across the categories involved.

Section 1 introduces the topic, Sect. 2 analyzes the literature framework, Sect. 3 
explains the methodology and empirical analysis, Sect. 4 presents the results, Sect. 5 
discusses the main findings and offers some policy insights, and, finally, Sect. 6 pro-
vides some brief conclusions.
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2 � Literature review

The link between sustainable development (SD) and innovation is a widely dis-
cussed topic in the literature. While definitions of EI (Kemp 2000, 2010; Barbieri 
et  al. 2016) highlight the ecological attributes of specific new processes, prod-
ucts, and methods, a clear definition of circular economy remains elusive. Several 
studies (Kirchherr et al. 2017; Zotti and Bigano 2019) have surveyed the issue of 
defining CE; however, they were unable define a clear and shared framework.

The main objective of the CE is to replace the take-make-dispose culture with a 
closed-loop system where all resources are used as many times as possible, introduc-
ing new circular innovation practices to break the vicious current circle and to avoid 
path dependency (Joensuu et  al. 2020). As Chioatto and Zecca (2023) stated, the 
principles and interpretations of CE may vary among theorists and across geograph-
ical locations, but they share the common goal of decreasing the use of raw materi-
als and preventing waste by maintaining the value of products as long as possible.

Boulding (1962) was the first economist to approach the concept of a circular 
economy through his intuition of defining the economic system in a closed and non-
linear framework, linking it with the natural limits of planet Earth. He interpreted 
the interrelation of the socioeconomic and environmental system normatively as the 
‘spaceship economy’, which by definition should be considered as a circular system.

Boulding’s circular system was further developed by Stahel (1982), who was the 
first to suggest an economy made of spiral loops based on reuse, repair, recondition-
ing of damaged goods, and recycling aimed at extending the life-cycle of physical 
capital in an economy, and reducing pressure on natural resources by limiting the 
extraction of virgin material, avoiding waste and decreasing pollution. In Stahel’s 
view, closing the materials and energy loops within the economy would generate 
important benefits for economic progress and social well-being. It would completely 
revise the production–consumption–waste cycle based on rapid obsolescence, and 
the substitution of goods and physical capital (Stahel 1982). The rapid deterioration 
and irreparability of the objects on which Stahel based his view of modern capital-
ism are key to both value-added creation and absorption. He believed a portion of 
the generated global income is dedicated to substituting the value lost by depreciated 
goods as well as physical capital, which leads to cyclical stagnations of an econ-
omy. In a linear world, economic growth is possible only by continually reducing 
product lifetimes, with a continuous marginal decrease in the system’s productivity. 
The author considered the ‘closed-economic’ system, based on a hierarchy of closed 
loops (reuse, repair, recondition, recycle), to best retain the value created in the 
economy, thereby guaranteeing well-being, progress, and environmental conserva-
tion (Stahel 1982). Shifting to a circular economy can transform the structure of an 
economy toward more knowledge-intensive sectors (e.g., services and manufactur-
ing for circularity), characterized by high-added value activities, while at the same 
time reducing the reliance on extraction and heavy industry, which are characterized 
by high energy intensity and high levels of pollution (Stahel 1982).

In this framework, firm-level innovation and industry transformations are 
crucial for the transition to a circular system. De Jesus and Mendonça (2018) 
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stressed the importance of EI as a transformative process leading to greater cir-
cularity on the path toward circular innovation. With support for circular innova-
tions (i.e., practices/actions that are new to the firm, the market, or the world and 
that represent new alternative solutions aimed at closing the loop), the process of 
transforming the economy can occur at the micro, meso, and macro levels. These 
innovations enable firms to redesign products, processes, and business models 
to minimize waste and resource use. At the meso-level, industrial symbiosis and 
collaborative networks can optimize material and energy flows within regions or 
sectors. At the macro scale, circular innovations drive systemic shifts in policy, 
infrastructure, and consumer behavior, fostering the transition towards a regen-
erative, sustainable economy. Such multilevel impacts highlight the critical role 
of innovation in operationalizing the principles of the circular economy across 
different layers of society and governance.

This argument has been present in the literature since 2009, when Carrillo-Her-
mosilla et al. (2009) assessed the capacity of EI to enhance new business opportuni-
ties and strategies, as well as foster change throughout the whole economic system.

Following this school of thought, the role of firms is central to ensuring the 
transition. The new strategies require firms to change their business models. This 
requirement creates the need to place innovative choices within models that are 
capable of allowing them to modify increasingly circular processes, products, and 
organizations (Kemp and Foxon 2007). Chioatto et al. (2024) noted that introduc-
ing CE-oriented innovations in business models represents strategic value-added for 
firms. In this manner, firms can avoid environmental degradation while gaining eco-
nomic benefits (Pieroni et  al. 2019). Introducing eco-innovation in a circular con-
text translates into the practical application of circular business models (Managi and 
Kumar 2018).

Given the crucial role of firms, analyzing sustainable transition, within the 
Italian context, requires considering the role of SMEs. According to the OECD 
(2022), SMEs represent the vast majority of Italian firms (99.9%), with micro-firms 
accounting for 95%. Based on 2019 data, SMEs employ around 80% of the indus-
trial and service labor force and generate approximately two-thirds of turnover and 
value added. Despite the overall level of emissions and lower emission-intensity 
compared to larger firms, SMEs contribute significantly to climate change and envi-
ronmental impacts. Hence, their role in terms of sustainability and circularity should 
be better considered when designing environmental policies. This could be due to 
SMEs having lower marginal costs of abatement compared to large firms, which are 
often involved in hard-to-abate emission sectors (Sage Group 2022). According to 
the literature (Cuerva et  al. 2014; Passaro et  al. 2022), to accelerate the develop-
ment of eco-innovative processes and maximize the positive externalities generated 
by SMEs, a deeper understanding of the factors affecting the introduction of EIs is 
crucial.

The main contributions of SMEs to sustainability are derived from the innova-
tion of new technologies and processes that improve firms’ environmental perfor-
mance, both in terms of environmental impact (i.e., waste and pollution) and mate-
rial metabolism (i.e., resource extraction). Eurobarometer’s recent survey “SMEs, 
resource efficiency and green markets”, conducted on a representative sample of 
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13,124 EU firms, identified that the vast majority (93%) have initiated an EI adop-
tion processes pertaining to energy saving and waste reduction (66%), reducing the 
use of materials (57%) and water (49%), recycling and reuse (48%), and self-pro-
duction of energy from renewable sources (12%). According to the survey, EU firms 
mainly rely on internal resources, both financial (60%) and capabilities (57%) for 
EI adoption, while only 20% of firms outsource the innovation process (e.g., con-
sultancy for innovation, external R&D). The main barriers to adopting EI and sus-
tainable practices are financial constraints for supporting EI (42%), the inability to 
identify potential new markets and customers (29%), and technical support for the 
development of new products, services, or processes (26%). In addition, another cru-
cial aspect affecting EI adoption is marketing activities and delivery (27%) (Euroba-
rometer 2024).

SMEs are increasingly acknowledged as pivotal agents in the circular economy 
transition, given their capacity for flexible innovation and localized impact (FEEM 
2019, 2020; Marin et al. 2015). Nonetheless, their effective engagement in the eco-
logical transition is often hampered by structural barriers, most often financial limi-
tations and inadequate institutions.

Empirical evidence highlights that the severity of financial constraints faced 
by SMEs is inversely related to the strength of institutional frameworks, as dem-
onstrated by Ullah (2020). Furthermore, regulatory heterogeneity across countries, 
with non-harmonized environmental legislation, can significantly influence the 
effectiveness of eco-innovation and transition strategies (Costantini and Mazzanti 
2012; Ambec et al. 2013).

Accordingly, policy interventions should prioritize reducing financial barriers 
and introducing institutional support mechanisms to facilitate SMEs’ green transi-
tions. This entails fostering synergies between designing environmental policies and 
competitiveness-enhancing frameworks to unlock the full potential of SMEs as driv-
ers of sustainable transformation.

The vast body of literature that attempts to analyze factors capable of influencing 
firms’ eco-innovation choices specifically for SMEs mainly confirms the Euroba-
rometer’s 2024 Survey findings, that firms are enablers of adoption. In particular, 
two categories have been identified in the literature (Horbach 2008, 2016; Horbach 
et al. 2013; Parrilli et al. 2023) that can stimulate firms’ innovation activities. They 
are: those related to technology (technology push) and those related to the market 
(market pull). The first category considers innovations driven by technological and 
research advancements. In this context, internal R&D activities and the adoption of 
environmental management systems within firms contribute significantly to eco-
innovation. The second category focuses on demand-related factors that encourage 
firms to innovate, such as expectations regarding future demand.

In light of these considerations, the active participation of SMEs in sustainable 
transition is generally influenced by their intrinsic characteristics. The literature 
describes them as being reactive, flexible, and innovative organizations (Terzioski 
2010; Lichtenthaler 2016). This has been confirmed by the fast post-pandemic 
recovery of many SMEs (and especially micro-firms), which outperformed large 
firms in terms of real value added and employment growth rate, highlighting their 
crucial importance in driving economic expansion and employment (Katsinis et al. 
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2024). Following this strand of literature, SMEs operate in very competitive mar-
kets. According to Love and Roper (2015) and Tang et al. (2018), the introduction of 
innovations and/or new business models enables them to stand out from the compe-
tition by improving their results and business performance. This means that invest-
ing in EI could lead to a competitive advantage, as previously mentioned, which, 
however, requires particularly large financial investments for the SMEs. The lack of 
financial resources and time is often mentioned as factors that prevent SMEs from 
developing environmentally sustainable strategies (Burlea-Schiopoiu and Stelian 
Mihai 2019). SMEs are typically more vulnerable to additional financial expendi-
tures arising from green initiatives than large firms (Oakdene Hollins 2011; Rade-
maekers et  al. 2011). Moreover, as the literature stresses (Revell and Blackburn 
2005; Yacob and Moorthy 2012), there are other costs and obstacles for SMEs, such 
as the lack of time and human resources required by firms for making environmental 
improvements and implementing ‘green’ innovations. Pronti et al (2023) argued that 
achieving these structural changes requires strong synergies and considerable invest-
ments in training, research, and new technologies. Furthermore, the organizational 
structure may also represent a factor influencing firms’ green solutions.

Innovation is beneficial not only for the environment and society as a whole, but 
it is also extremely linked to profitability and firms’ competitiveness. As highlighted 
in the Draghi report, one of the main benefits of greening EU firms is the reduction 
of energy costs, which are significantly higher in the old continent than the price 
of electricity and gas in the US and China (Draghi 2024). Apparently, the behavior 
of EU SMEs is in line with cost-efficiency. In fact, the main types of EI adoption 
declared by firms in the Eurobarometer survey are all related to cost-minimization 
strategies, which also have positive externalities (i.e., the reduction of material 
extraction, pollution) and are indirectly linked to the real objective of firms (Euroba-
rometer 2024).

Moreover, the beneficial effects in terms of potential increases in profit margin 
gained with cost reduction and material optimization could also convince firms 
of the positive relationship between green solutions and growth. As Del Rio et al. 
(2016) highlighted, EI could increase the prestige of companies in international 
markets, earning the trust of that segment of environmentally conscious consumers. 
From this perspective, CE represents a chance for SMEs to achieve sustainability in 
the long run since it guarantees the availability and accessibility of resources in the 
future (Moore and Manring 2009; EMF 2015). Thus, the knowledge firms need to 
make strategic choices is crucial also for supporting them with the proper decisions 
and policy instruments.

Among the various factors influencing the decision as well as the intensity of 
EI adoption are, as already mentioned, the specific characteristics of firms, which 
become more influential within the SME framework.

One is the proactive attitude of management on environmental issues. In the 
context of SMEs, the manager is often also the owner of the firm, which implies 
a high degree of control over the strategic decision-making process. Consequently, 
the manager’s environmental attitudes and personal values on sustainability and the 
natural environment can play a pivotal role in shaping the firm’s propensity to adopt 
both eco-innovations and circular economy practices (Pronti et al. 2023). This aspect 
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is confirmed by Lappalainen and Niskanen (2012), who argued that the ownership 
structure affects both the growth and the profitability of small private firms, and by 
Andersén (2021) and Khan and Muktar (2020), who highlighted that management’s 
proactive role in fostering environmental awareness can be a driver of EI adoption.

Amid rapid digital and ecological transitions, the strategic use of know-how is 
increasingly vital for gaining and maintaining competitive advantage (Pronti et al. 
2023; Antonioli et  al. 2013). Recent literature (Andersén 2021; Khan and Muktar 
2020) emphasizes the importance of proactive environmental management and the 
organizational capabilities that support it. In line with this, human resource prac-
tices, particularly recruitment and employee training, play a central role in enhanc-
ing a firm’s knowledge base and its absorptive capacity, which can be defined as the 
ability to recognize the value of new external information, assimilate it, and apply it 
for commercial purposes (Cohen and Levinthal 1990). While internal R&D is tra-
ditionally used to proxy this capacity, in SMEs, where structured R&D activities 
are less frequent, employee training takes on a critical function. Due to their leaner 
structures, SMEs strongly depend on the skills and expertise of their owners and 
personnel to remain adaptive, innovative, and competitive.

Recruitment also contributes by enhancing human capital through the selection 
of individuals with suitable skills and backgrounds. Although challenges such as 
skill mismatches, information asymmetries, and recruitment costs persist, there is 
evidence that employees with higher levels of education positively influence a firm’s 
ability to absorb and exploit external knowledge (Gray 2006; Oyer and Schaefer 
2011).

For SMEs, therefore, targeted investment in human capital—via both training and 
recruitment—is not just a support function but a strategic lever to strengthen internal 
capabilities and unlock the potential of external knowledge.

Research and development (R&D) activities conducted within firms play a criti-
cal role in shaping both the propensity and the capacity to innovate. R&D is a key 
driver of technological progress, not only because of its direct contribution to firm-
level innovation, but also because of its substantial potential to generate positive 
externalities, such as spillovers that benefit other firms, related industries, consum-
ers, and, in some cases, society at large (Comin 2016). The literature consistently 
highlights R&D as a strategic asset for building internal knowledge and capabilities 
and for developing new products and processes that enhance efficiency and reduce 
costs. Technological advancements generated by R&D may also provide firms with 
early-mover advantages in emerging market niches or specialized segments (Segarra 
and Teruel 2011).

However, when considering SMEs, the dynamics of R&D adoption exhibit spe-
cific characteristics. As noted by Baumann and Kritikos (2016), micro and small 
enterprises are often subject to distinct drivers and barriers compared to larger firms, 
particularly due to the sunk-cost nature and risk profile of R&D investments.

Moreover, R&D expenditures are subject to threshold effects (Cohen and Klepper 
1996), driven by decreasing marginal returns. This issue mirrors broader concerns in 
productivity theory about diminishing returns on capital and other firm assets (Hall 
and Mairesse 1995). These non-linearities are especially relevant in the context of 
environmental innovation (EI) and circular economy practices, where the intensity 
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of R&D investment does not necessarily translate proportionally into innovation 
outcomes.

For these reasons, this study models R&D effects using a non-linear specification 
to account for the possibility of diminishing or even negative marginal contributions 
of R&D investment on firm-level innovation performance.

Drawing on this literature framework, this paper investigates the pivotal role of 
SMEs in advancing the circular transition through the adoption of eco-innovation. 
The central objective is to identify the factors influencing circular adoption, with 
a particular focus on the internal drivers that may shape firms’ strategic decisions 
in this domain. In particular, research and development, environmental knowledge, 
education, and employee skills are conceptualized as critical resources and capabili-
ties that enable SMEs to overcome structural barriers and to engage proactively in 
eco-innovative activities. Nevertheless, these factors are not expected to operate uni-
formly across the different dimensions of adoption.

To address this, the study considers two distinct levels of analysis. The first cap-
tures the initial decision to adopt a circular practice, representing the extensive mar-
gin of adoption. The second reflects the intensity of adoption, thereby accounting 
for the depth of engagement with circular practices within each innovation category.

Taken together, this framework emphasizes a dual approach: it allows us to 
examine not only the likelihood that SMEs adopt circular innovations but also the 
extent to which they intensify their adoption across multiple practices. This duality 
is essential for understanding the heterogeneity of eco-innovation behaviors among 
SMEs and provides the theoretical foundation for the empirical analysis and hypoth-
esis testing presented in the following sections.

3 � Data and methodology

3.1 � The surveys

The work exploits information retrieved from two original surveys, covering 4600 
Italian manufacturing firms, conducted as a panel in 2017–2018 and 2019–2020 by 
the University of Ferrara (CERCIS Research Centre on Circular Economy Innova-
tion and SMEs of the Department of Economics and Management). The surveys 
were developed in a circular economy project, and cover four main macro-sections: 
firm characteristics, innovation and investment; circular economy, and organization, 
training, and labor relations. In particular, the surveys focused on SMEs’ circular 
strategies through specific questions on ten innovative circular practices over two 
periods, i.e., new alternative solutions aimed at reducing environmental damage in a 
circular domain.

To the best of our knowledge, a similar wealth of information does not exist in 
Italy concerning the manufacturing sector and circular innovations. As previously 
mentioned, Italy’s industrial fabric is largely characterized by SMEs, which repre-
sent the country’s economic engine. For these reasons, by leveraging the data, it is 
possible to extrapolate circular strategies for Italian firms.
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Figure 1 shows the adoption rate of each circular innovation across the two dif-
ferent periods. Of the total number of firms that responded to the survey, the main 
circular innovations introduced in both 2-year reference periods were aimed at 
reducing electricity use (23% in the first wave and 17% in the second wave) and pro-
duction of waste (19% in the first wave and 14% in the second wave). Additionally, 
in the first reference period analyzed, innovations aimed at reducing the use of raw 
materials were also among the most adopted innovations (18%). From the spread of 
specific types of circular innovations, we see that they mainly affect the magnitude 
of ‘reduction’ and ‘reuse’ of resources, which appear to be the most preferred circu-
lar strategies of the firms in the surveys.

This is not the case when considering the transition from the first to the second 
reference period. There was a general reduction that affected the overall implemen-
tation of all the circular innovations. In the first reference period, the rate of adop-
tion of all innovations was significantly higher than in the following 2-year period. 
Thus, it is reasonable to assume that the generalized decline was also due to the 
pandemic crisis, which significantly impacted businesses in 2020. In fact, circular 
innovations—like all other innovations and innovation investments—are affected 
by downturns in the business cycle and by negative exogenous shocks, such as the 
COVID-19 pandemic. Archibugi et al. (2013) demonstrated this also by analyzing a 
survey of innovation investment choices by European firms before and after a crisis. 
They observed that most firms reduced their innovation adoption at the onset of a 
crisis, while only a very small group saw the crisis as an opportunity to innovate.

Regarding the technological1 intensity of innovating firms in the circu-
lar economy, Fig.  2a,b shows that the distribution of circular innovation strat-
egies in two different periods, respectively, appears to be related to the tech-
nological intensity of the firm’s sector in both reference periods, considering 

Fig. 1   Adoption rates of ten circular innovations by Italian manufacturing SMEs across two-periods 
(own elaboration using CERCIS data)

1  For the technological intensity classification, see https://​ec.​europa.​eu/​euros​tat/​stati​stics​expla​ined/​index.​
php?​title=​Gloss​ary:​Hight​ech_​class​ifica​tion_​of_​manuf​actur​ing_​indus​tries.

https://ec.europa.eu/eurostat/statisticsexplained/index.php?title=Glossary:Hightech_classification_of_manufacturing_industries
https://ec.europa.eu/eurostat/statisticsexplained/index.php?title=Glossary:Hightech_classification_of_manufacturing_industries
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the introduction of at least one of the circular innovations mentioned. In both 
periods, the sample of responding firms is more concentrated in the high and 
medium-high technology-intensive sectors. However, interestingly enough, there 
is also a particular innovative activity that regards firms in low-technology-
intensive sectors in the first reference period (2017–2018).

Figure 3a and b shows the data by firm size. In this case, we see a significant 
shift in distribution. In the first reference period, medium-sized enterprises, fol-
lowed by large firms, reported greater implementation of circular innovations. 
In the subsequent 2-year period, this was true for only large firms. This result 
is particularly significant when considering the general decline caused by the 
pandemic, which again shows the greater resilience of large enterprises in times 
of crisis.

Fig. 2   a, b Share of innovators and non-innovators by technology intensity sector in the two periods, 
respectively (own elaboration using CERCIS data)
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4 � Methods and econometric strategies

The aim of this study is to analyze the drivers of circular innovation practices related 
to the intrinsic characteristics of the Italian SMEs. The analysis focuses on employ-
ees, skills, and R&D investments, while also accounting for firms’ export activities 
and sectoral affiliations. We adopted a dual approach. First, to identify the principal 
factors that influence the decision to adopt a circular innovation in a firm. Second, to 
analyze how these drivers influence the intensity of adoption of circular innovations 
for each of the five innovation categories.

This dual approach allows us to detect potential differences across the various 
types of circular innovations and to determine whether the influence of enabling 

Fig. 3   a, b Share of innovators and non-innovators by size in two periods, respectively (own elaboration 
using CERCIS data)
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factors varies by category. Understanding this heterogeneity is particularly impor-
tant for shaping targeted and effective policy recommendations. The conceptual 
framework is illustrated in the figure below Fig. 4.

Regarding the first approach, to identify the main factors influencing a firm’s 
decision to adopt circular innovation, we employ a Probit random-effects model. 
This model estimates the effect of each independent variable on the adoption deci-
sion. The dependent variable is a dummy variable taking the value of one if a spe-
cific circular innovation is adopted. By doing this, we assume that the residuals of 
the model and all the regressors are independent and not correlated (Wooldridge 
2010). The baseline Probit specification is described in Eq.  (1), using the latent 
expected utility model of a firm in adopting a circular innovation as in Pronti et al. 
(2023),

where Y∗
it
 is the latent expected net utility of the i-th firm adopting an innovation at 

time t; Xit is a vector of covariates that explicate the level of expected utility derived 
by the circular innovation, composed of independent variables of interest that proxy 
the main factors being assessed (i.e., R&D, training, human capital) and controls 
that can influence the probability of adopting circular innovations (e.g., firm size, 
main market, sector of activity); �∗ is a vector of parameters to be estimated, includ-
ing the intercept; �∗

it
 is a random error uncorrelated to the explanatory variables that 

follows a normal distribution with zero mean and fixed variance �2 ; and vi represents 
time-invariant unobserved effects (Wooldridge 2010).

Unfortunately, the expected utility function is unobservable, and the only 
action that can be observed is the ex post decision of the i-th firm to adopt/not 
adopt a circular innovation. This can be modelled using a binary choice model 
where the dummy variable assumes positive values if the expected utility of 

(1)Y∗
it
= Xit�

∗ + vi + �∗
it

Fig. 4   Conceptual framework



	 E. Zecca et al.   20   Page 14 of 36

the firm in adopting the circular innovation is positive ( Yit = 1 if Y∗
it
> 0 ), other-

wise, if the i-th firm’s expected utility is negative, the dummy variable assumes 
a 0 value ( Yit = 0 if Y∗

it
≤ 0 ). Following this approach, it is possible to predict the 

likelihood of circular innovation adoption using a Probit model as in Eq. (2).

where �(.) is the distribution function of �∗
it
 and can be approximated by a normal 

distribution function used to estimate the parameters of interest Xit . To do so, we 
must rely on the strict exogeneity assumption that refers to the uncorrelation between 
the regressors Xit and the error term vi at all time periods (Wooldridge 2010).

Regarding the second approach, i.e., analyzing how these drivers influence 
the intensity of adoption of circular innovations per category of innovation, we 
employ a fixed effect Poisson model, which uses a maximum likelihood estima-
tion technique that allows us to consider two main aspects of our data:

(1)	 Defining our dependent variable as a count variable since it considers the number 
of circular innovations adopted by each firm during the two reference periods 
(i.e., 2017–2018, 2019–2020);

(2)	 The inflation of zeros in our distribution is composed of structural zeros (i.e., 
firms which do not adopt innovations) and non-structural zeros (i.e., firms that 
could adopt but decide not to) (Hutchinson and Holtman 2005; Wooldridge 
2010). Moreover, by using the Poisson model with fixed effect, we can accom-
modate the problem of endogeneity bias due to unobserved time-invariant het-
erogeneity (Wooldridge 2010).

The Poisson model estimates the expected value of a count variable using an 
exponential function, as shown in Eq.  (3), to interpret the coefficients one must 
transform the model using natural logs, as shown in Eq. (4) (Wooldridge 2018).

where �i is the constant term and �it are the coefficients to be estimated for the vector 
of m independent variables Xit.

Wooldridge (2010) provides a more detailed explanation of the Poisson model, 
and its baseline specification is described in Eq. (5):

The effect of each independent variable can be approximated in a semi-elas-
ticity form, with the coefficients of the independent variables interpreted as a 
percentage change in the dependent variable given by a unitary change of the 

(2)Pr
(
Yit = 1|Xit, vi

)
= �

(
Xit, vi

)

(3)E
(
Xit

)
= exp(�i +

∑n

m=1
�Xmit) + �it

(4)ln[E
(
Xit

)
] = �i +

∑n

m=1
�Xmit + �it

(5)Pr
(
Yit = Yit|Xit

)
=

1

y��!
exp

{
−exp

(
�i + Xit

)}
exp

(
�i + Xit

)Yit
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independent variable %ΔE
(
Xit

)
≈ (100�it)ΔXit (Cameron and Trivedi 2009, 

2013). Both the Probit and the Poisson models use robust standard errors.
Considering that the Poisson regression is not linear, the marginal effects (MEs) 

of continuous regressors cannot be directly extrapolated using the estimated coef-
ficients, as occurs when using OLS, since the unit change of each regressor has an 
effect on the conditional mean but depends on the point at which the regressor is 
measured. As explained by Cameron and Trivedi (2009)

The ME of an infinitesimal change of xj on the count variable Y depends on the 
level assumed by Xj and by the values of the other regressors. Therefore, to consider 
the MEs, additional computations are required. One is the average marginal effect 
(AME) defined by Cameron and Trivedi (2013) as:

Thus, by using the AME, it is possible to overcome the problem of each individ-
ual observation having its own ME. This is done by estimating the typical value by 
aggregating over all individuals and calculating the average response (Cameron and 
Trivedi 2013; Long and Freese 2001).

4.1 � Data

In the following subsections, we describe the main variables used in the econometric 
analysis. The descriptive statistics are shown in Table 1. We used the raw data from 
the mentioned surveys. We checked the data and excluded outliers that presented 
structural problems ascribable to compiling errors or mistakes in responses (e.g., 
the number of innovations was requested as an open answer, and some respondents 
recorded improbable values with many zeros). After controlling for data errors, we 
created a balanced panel and only considered firms that were present in both waves. 
It was decided to consider the possibility of using fixed effect models in the innova-
tion intensity model (Poisson). Even though this could be seen as a disadvantage by 
reducing the overall sample, the validity and robustness of the estimation increased 
substantially because we could control for unobserved heterogeneity, thereby 
reducing endogeneity problems. Our final panel sample consisted of 4578 firms, 
observed over the two survey periods (the initial unbalanced sample comprised 9213 
observations).

4.1.1 � The dependent variables

Circular innovations are those innovations that the firms had declared to have 
adopted during the two reference periods (i.e., 2017–2018, 2019–2020). All 

(6)ME =
�E[y|x]
�xj

= �jexp(x��)

(7)AMEj =
1

n

n∑

i=1

�[yi|Xi]

�Xij

=
1

n

n∑

i=1

�jexp(X�i�) = �jy
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interventions were considered as innovations without distinguishing between 
technological, organizational, process changes, or changes to the company’s 
main business model. Moreover, all changes that occurred and were declared by 
the firm to be related to circularity were also considered innovations. With this 
approach, both radical and incremental innovations were considered equally. The 
questionnaire, although it explored the scope of innovation, did not investigate 
the type of innovation in terms of radicalness. For this reason, we are unable to 
make a vertical distinction and have made only a horizontal one with respect to 
the different types of innovation. The difficulty in including this aspect in the 
questionnaire is mainly due to the level of discretion that would have been left to 
the respondent in defining the radicalness of the innovation introduced.

We divided circular innovations into five macro categories to obtain homoge-
neous descriptions of the strategies firms use to achieve circularity. Distinguish-
ing between different types of innovation can be extremely important, as it allows 
for accounting for the high degree of heterogeneity among them. This may be 
due to the inherently different nature of the innovations, since the motivations 
and drivers for adopting improvements in a firm’s circularity can vary widely 

Table 1   Descriptive statistics

Variable Observations Mean Std. Dev. Min Max

Waste reduction (dummy) 4578 .272 .445 0 1
Materials (dummy) 4578 .155 .362 0 1
Design (dummy) 4578 .125 .331 0 1
Energy (dummy) 4578 .245 .43 0 1
Pollution (dummy) 4578 .018 .134 0 1
Waste reduction (countable) 4578 .685 2.151 0 47
Materials (countable) 4578 .309 1.445 0 30
Design (countable) 4578 .397 1.864 0 31
Energy (countable) 4578 .5 1.691 0 30
Pollution (countable) 4578 .218 1.257 0 40
WorkersRD (%) 4578 3.338 10.69 0 100
Graduated (%) 4578 3.57 9.972 0 100
RDExpenditure (% of Revenues) 4577 2.512 7.14 0 82.5
Env_Knowledge (dummy) 4578 .037 .189 0 1
Training_Intensity (hours per employee) 4578 1.938 9.034 0 384.615
Year 2018 4578 .5 .5 0 1
Year 2019 4578 .5 .5 0 1
Exporter 4578 .461 .499 0 1
Group 4578 .112 .316 0 1
Age 4578 29.655 21.348 0 221
Micro 4578 .11 .313 0 1
Big 4578 .01 .101 0 1
Head abroad 4578 .029 .167 0 1
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depending on the business strategy adopted to improve the firm’s internal sustain-
ability process (such as energy savings, waste reduction, or product design). The 
categorization developed by Guerreschi and Zecca (2025) aims to look at circular 
innovations by considering the entire life cycle—from material use reduction, to 
design, and finally to the reduction of waste and pollution in general. This choice 
therefore allows us to follow the activities of firms both in the input and output 
phases (Chioatto et al. 2024).

The first category of innovations refers to waste reduction innovations (Waste 
reduction), which includes the following circular interventions and strategies:

	 (i)	 Reduction of waste emissions,
	 (ii)	 Reuse of waste as secondary materials in the productive cycle, and
	 (iii)	 Transferring waste to other firms to be used as secondary materials in their 

internal productive cycle.

The second category of circular innovations refers to all circular interventions 
and strategies aimed at reducing the materials used (Material innovations) within 
the firm’s production cycles, as well as the reduction of raw materials in the produc-
tion process. This category does not include energy, which is in a category of its 
own, given its crucial role in production and its susceptibility to specific policies.

The third category refers to design innovations (Design innovations). It includes 
all the interventions and strategies adopted by the firm to reduce environmental 
impact at the beginning of the production cycle, by re-inventing the way raw mate-
rials and semifinished products are combined and processed in order to reduce the 
generation of waste. This category includes the following circular strategies:

	 (i)	 Innovations aimed at minimizing the use of raw materials, and
	 (ii)	 Innovations aimed at maximizing the recyclability of materials (either by-

products or core-products).

The fourth category regards innovations in the energy field (Energy innovations). 
These include all the innovations:

	 (i)	 Adopted by the firm to reduce energy consumption and,
	 (ii)	 Aimed at increasing the use of renewable energy in the firm’s internal process, 

both production and consumption.

The fifth category aimed at reducing the firm’s environmental impact (Pollution 
reduction innovations); those include innovations to reduce:

	 (i)	 Greenhouse gas emissions, and
	 (ii)	 Water pollution.

To accommodate our dual strategy (i.e., adoption drivers and intensity of adop-
tion drivers), we employed two types of dependent variables. As previously noted, 
for the Probit model, we employ dummy variables as dependent variables, whereas 
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for the Poisson model, we employ count variables. The dummy variables assume 
the value of 1 if a firm has adopted at least one innovation in at least one of the five 
innovation categories. The count variables assume a value equal to the number of 
innovations adopted by the firm for each innovation category. In the latter case, a 
firm can adopt various types of innovations included in the same macro-category of 
circular innovations.

4.1.2 � The independent variables

In our analysis, we focus on employee training, human capital, research activities, 
and management’s pro-environmental attitude as specific aspects affecting the cir-
cular innovation strategies of SMEs. These aspects have already been highlighted 
as potentially important drivers of sustainable and circular innovation in a previous 
study on micro firms (Pronti et al. 2024).

As main independent variables linked to research and development (R&D) activi-
ties, we chose the percentage of workers involved in R&D (WorkersRD) and the 
percentage of R&D expenditure over the firm’s total revenues (RDExpenditure). 
This last variable is also considered in its quadratic form (RDExpenditure2) to cap-
ture all the potential non-linearities which can describe negative marginal produc-
tivity of R&D investments as described in Sect. 2. To consider human capital, we 
use the percentage of workers who graduated from university (Graduated) over total 
employees. Lastly, employee training is considered by using the intensity of worker 
training measured as hours of training per employee (Training_Intensity).

Moreover, we used a dummy variable as a proxy for management’s pro-environ-
mental knowledge (Env_Knowledge). This dummy variable assumes a value equal 
to one if the respondent correctly answers two specific questions related to environ-
mental sustainability. The first is a multiple-choice question and requires knowledge 
of the range of ETS values in the 6  months prior to the survey. The second is a 
Yes/No question related to the knowledge of the term “ecosystem service”. If the 
respondent answers the first question correctly and “yes” to the second question, the 
variable Env_Knowledge assumes the value of 1, if not the value is 0. By doing this, 
we can proxy the respondents’ knowledge (who, most of the time, are part of man-
agement or are staff close to management) in two specific fields of sustainability, 
thus providing us with a general idea of management’s environmental knowledge 
and its influence on circular innovation strategies.

We also include additional controls to reduce ‘omitted variables biases’ and to 
improve the robustness of our results, however, we decided to choose a parsimonious 
specification of the econometric model to avoid over-specification. Following Pronti 
et al. (2024) and Cainelli et al. (2020), we included specific dummies as controls.

The first set of dummies controls for structural differences and heterogeneity 
that may affect firms’ circular innovation strategies. The following variables take 
the value of 1: Exporter if the firm exports products abroad; Group if the firm is 
part of a corporate group, and Head_Abroad if the firm’s corporate headquarters 
are outside of Italy. We also consider firm size in terms of workers employed. The 
variable Micro takes the value of 1 if the firm has fewer than ten employees, and Big 
takes the value of 1 if the firm has more than 200 employees. Finally, we control for 



Strategies and drivers of innovations in the circular context:… Page 19 of 36     20 

how long the firm has been in existence (Age) measured in years, to consider if this 
aspect can affect circular innovation strategies. Moreover, to control for exogenous 
common idiosyncratic shocks, we employ a time dummy for the second wave.

Finally, we create a factor variable to control for the structural heterogeneity of 
the firm’s operating sector, since it can significantly impact its circular innovation 
strategies. This variable considers the different specialization sectors of the firm. We 
codified the ATECO sector, which is a specific identification code by sector of activ-
ity used for the fiscal identification of a firm. Our data identifies 55 different sectors 
of activity.

5 � Results

The results of our analysis, using the Probit model, are shown in Table 2, whereas 
the results of the Poisson model are shown in Table 3. In both tables, the results pre-
sented from column 1 to column 5 are respectively for waste reduction innovations, 
materials innovations, design innovations, energy innovations, and pollution reduc-
tion innovations. In the table with the results of the Poisson model (Table 3), the 
results are displayed considering two specifications (without and with the quadratic 
term of R&D expenditure).

5.1 � The decision to adopt circular innovations (Probit model)

The first analysis using the Probit model (Table 2) focuses on the drivers of circu-
lar innovation adoption linked to the decision to adopt at least one innovation. As 
expected, we found that the factors influencing circular innovation adoption deci-
sions are heterogeneous among different types of firms. For Waste reduction innova-
tions (column 1) the main drivers of adoption are the level of expenditure in R&D 
activities as a percentage of total revenues (RDExpenditure) and environmental 
knowledge (Env_Knowledge) by management, both with a positive coefficient and 
99% statistical significance. Training intensity is also positive, but with lower statis-
tical significance (90%).

These factors are important drivers of adoption also for material reduction inno-
vations (column 2), even if in this case the training intensity shows a slightly higher 
level of statistical significance (95%). In this case, we also see the percentage of 
workers employed in R&D activities as an additional factor influencing innovation 
adoption, with a statistical significance of 99%.

For innovations linked to product design (column 3), which include changes in 
the design to reduce waste, use of material, and improve recyclability, expenditure in 
R&D (RDExpenditure) is confirmed as a positive driver of adoption with a statisti-
cal significance of 99%. In this case, human capital, proxied as the percentage of 
graduated workers, shows a positive effect as a driver of design innovation, also with 
a statistical significance level of 99%.

Considering Energy innovations (column 4) focused on the reduction of energy 
intensity and increased use of renewable sources, the main adoption drivers are the 
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share of graduated workers (Graduated), R&D expenditure (RDExpenditure), and 
environmental knowledge (Env_Knowledge), all with a statistical significance level 
of 95%.

Finally, for innovations aimed at impact reduction in terms of GHG emissions 
and water pollution (column 5), the main determinants of adoption are the share 
of workers involved in R&D activities (WorkersRD), the firm’ expenditure in R&D 
activities (RDExpenditure), and management’s environmental knowledge (Env_
Knowledge) all with a statistical significance level of 95%.

For the Probit model, the controls that seem to be factors influencing circular 
innovation adoption decisions are mainly being an exporting firm (Exporter), which 
was found to have a positive statistical significance (99%) coefficient for waste 
reduction, material reduction, design, and energy innovations. The other control 
variable with a statistical effect on innovation decisions is the age of the firm (Age), 
suggesting that older firms have a higher propensity to adopt circular and eco-inno-
vations than younger firms. The dummy indicating large firms (Big) is statistically 
significant only for waste reduction (95%), energy (99%), and pollution reduction 
(95%) innovations.

5.2 � The intensity of circular innovation adoption (Poisson model)

The second analysis employs a Poisson model (Table 3) to examine the factors influ-
encing the intensity of circular innovation adoption, measured as the count of circu-
lar innovations adopted within distinct categories. The results are shown for two dif-
ferent specifications for each dependent variable considered: using R&D in a linear 
and non-linear approach by considering its quadratic term. Since the Poisson model 
is estimated by using an exponential function; the coefficients should be interpreted 
on the log scale. Therefore, a unitary change in the estimated β coefficients repre-
sents the expected change in the dependent variable by e� units holding all other 
variables constant (Cameron and Trivedi 2013). In other words, we can interpret the 
Poisson regression coefficients as the difference in the logs of the expected count 
variable due to a change in the regressor, holding all other variables constant (Wool-
dridge 2010). This can be translated as the percentage change in the dependent vari-
able due to a unitary change of the independent variable or as semi-elasticity (Cam-
eron and Trivedi 2013; Long and Freese 2001).

The results of the Poisson model are not straightforward to interpret. Therefore, 
to consider the main impacts of the independent variables regarding the number 
of circular innovations adopted, Table 4 presents the results in terms of incidence 
rate ratios (IRR).2 IRRs are simply the exponentiated value of the regression coef-
ficient function (Wooldridge 2010). An IRR can be interpreted as the multiplica-
tive increase in the rate of the dependent variable due to a change in the independ-
ent variable (i.e., a unitary change for numeric variables and a change of state for 
dummies). It is calculated by taking the difference between the IRR and 1, e.g., if 

2  The IRR is calculated as exp(�) for each variable (Cameron and Trivedi 2013).
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a dummy variable shows an IRR of 1.25 it means that the category codified by the 
variable 1 increases the adoption of a specific innovation by 25%. If a numeric vari-
able shows an IRR of 1.03, it means that a firm with one unit extra of that variable 
increases the intensity of adoption by 3% more than a firm with one unit less of that 
variable (Wooldridge 2010).

Once again, the regression results highlight considerable heterogeneity, and dis-
tinct factors are associated with the adoption of different types of circular innova-
tions. Considering waste reduction innovations and starting from the results in their 
direct form (Table 3, column 1), the factor that affect intensity of adoption the most 
is R&D. The variables that influence the number of waste innovation adoptions are 
the percentage of workers involved in R&D activities as a share of overall workers, 
and the level of R&D investments as a share of revenues (RDExpenditure). Both 
have a 99% and 90% statistical significance level, respectively. To determine the 
impact of the two variables mentioned, we can consider the IRRs shown in Table 4. 
The expected delta in the dependent variable, due to a unitary change of the regres-
sors, is calculated by subtracting the IRR from 1. Therefore, for waste reduction, a 
change of 1% in the number of workers employed in R&D increases the expected 
number of waste innovations adopted by 1.5% (Table 4, column 1). Similarly, a 1% 
increase in total revenues invested in R&D increases the expected number of waste 
reduction innovations by 1.7% (Table 4, column 1).

For material use innovations (Table 3, column 3), the main factors influencing 
adoption intensity is again R&D (the variable proxying human capital involved in 
R&D activities (WorkersRD) is a positive coefficient and a statistical significance 
level of 99%). Similarly, investment in training for employees seems to be a positive 
driver of innovation, with a statistical significance level of 99% also in this case. 
These two variables increase the expected number of material innovations, respec-
tively by 1.9% and 1.6%, per unitary change in the level of the regressor holding 
everything as constant (Table 4, column 3).

When considering design innovations (Table 3, column 5), the only statistically 
significant variable is the measure of human capital: the share of graduated employ-
ees of the total workforce, with a slightly lower statistical significance (90%). In 
terms of impacts, the share of graduated workers of the total workforce can increase 
the expected number of innovations adopted by 1.8% units for each 1% increase of 
graduated workers employed by the firm (Table 4, column 5).

Regarding energy innovations (Table  3, column 7), the percentage of work-
ers employed in R&D activities (WorkersRD) has limited statistical significance 
(90%), while investments in training activities, measured in terms of training hours 
per employee (Training_Intensity) is a positive driver of adoption intensity with a 
statistical significance level of 95%. The former variable increases the number of 
expected energy innovations adopted by 0.9% for each additional percentage of 
workers involved in R&D activities. Whereas the latter increases the number of 
expected units of energy innovation by 1.1% for each additional hour of training per 
employee (Table 4, column 5).

Finally, in the case of pollution reduction innovations (Table  3, column 
9), the main factors that incentivize adoption intensity are again the share 
of workers involved in R&D activities (WorkersRD) and employee training 
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(Training_Intensity). The former has a statistical significance level of 95% and the 
latter of 99%. In terms of impact, each unitary percentage of workers involved in 
R&D activities increases the expected amount of pollution reduction innovations 
by 2.4%. Each additional hour of training per employee increases the expected 
number of pollution reduction innovations by 1.3% (Table 4, column 9).

As for the control variables, the firm’s age (Age) and size seem to be the most 
important drivers of adoption intensity. Age has positive, statistically significant 
levels for waste reduction (99%), energy (90%), and pollution reduction innova-
tion (95%). Operating as a large firm (Big) is a driver of adoption for waste reduc-
tion, energy, and pollution reduction innovations, each with 99% statistical sig-
nificance. Being part of a corporate holding (Group) is positive and statistically 
significant (95%) only for design innovations. Conversely, having a headquarters 
abroad (Head_Abroad) reduces innovation intensity for materials and energy 
innovations, both with 99% statistical significance.

When considering the second specification used in the model with the quad-
ratic term for R&D, hence assuming that R&D has a negative marginal contribu-
tion in the innovation process of firms, the results obtained are slightly different, 
revealing some interesting implications. The main results in terms of R&D per-
sonnel, training intensity, and the controls found in the first specification remain 
stable, highlighting the model’s robustness. What changes is the contribution of 
R&D investments to the firm’s innovation process, supporting our initial intui-
tion: the marginal contribution of R&D in the intensity of the adoption innova-
tion process is negative (i.e., its quadratic term is negative). This means that the 
marginal benefits of R&D in terms of innovation adoption are non-linear with 
an inverted U-shape relationship. Another important finding is that this pattern 
applies only to circular innovations, which present estimated coefficients with 
95% statistical significance (only the quadratic term of waste reduction innova-
tions is 90% statistically significant); whereas neither a non-linear nor a linear 
relationship with R&D investments is evident for other types of innovation (i.e., 
energy and pollution reduction).

As noted by Cameron and Trivedi (2013), the inclusion of a quadratic term 
implies that the marginal effect of the associated variable is a function of its own 
level. Accordingly, the marginal effect is typically evaluated at the sample mean 
of the variable, computed over the set of observations used in the estimation 
(even though other potential methods are available). The following calculations 
are a slight modification of Eq. (7):

where �1 and �2 are the coefficients of the linear and the quadratic parameter x1 (in 
our case, R&D expenditures) and x1 is the mean value of the observations consid-
ered in the regression. In this context, the AMEs of the variable RDExpenditure are 
0.04170, 0.04236, and 0.05465 for circular innovations related to waste reduction, 
materials and design innovations, whereas for energy and pollution reduction inno-
vations, the AMEs are 0.03337 and 0.00919 (not statistically significant).

ify = �0 + �1x1 + �2x1
2
→

�E[y|x]
�x

1

E[y|x]
=
(
�1 + 2�2x1

)
→ AME

(
x1
)
= (�1 − 2�2 × x1)
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In the Poisson model, the coefficients are interpreted as semi-elasticities. There-
fore, the IRR can be computed based on the total marginal effect of R&D expendi-
tures (RDExpenditure) evaluated at the sample means of the covariates, as previ-
ously shown.

The total marginal effect of R&D expenditure on circular innovations is estimated 
at 4.26%, 4.33%, and 5.62% for waste reduction, materials reduction, and design 
innovations, respectively. This means that a 1% increase of the firm’s total expendi-
ture dedicated to R&D; i.e., an increase in R&D intensity, leads, on average, to a 
4.26% increase in the adoption of waste-related innovations, a 4.33% increase for 
materials-related innovations, and a 5.62% increase for design-related innovations. 
These effects are all statistically significant. In contrast, the semi-elasticity of R&D 
expenditure, with respect to the adoption of energy and pollution reduction innova-
tions, is lower—3.39% and 0.92%, respectively—and not statistically significant.

6 � Discussion

The analysis, conducted to identify the innovation drivers of various circular inno-
vation practices among Italian SMEs over two periods, provides insights into their 
development dynamics. It also helps identify differences and similarities that can 
guide the design of policy tools specifically targeting different aspects of circularity.

Interestingly, the first notable result is that despite common traits across various 
innovative practices, a certain level of heterogeneity exists, affecting some of the 
drivers analyzed with respect to different innovation categories. The empirical evi-
dence presented in this study highlights the multifaceted and differentiated nature 
of the factors driving circular innovation among Italian SMEs. As the literature has 
already addressed (De Marchi 2012), one of the most salient findings is the central 
role played by R&D (both investments and specialized employees) in fostering the 
adoption of various types of circular innovation. Specifically, in the first model—
focused on innovation adoption—R&D investments are positively and significantly 
associated with all innovation categories, suggesting that such expenditures consti-
tute a foundational requirement for initiating the transition toward eco-innovation.

However, this effect fades in the second model, which focuses on innovation 
intensity. This dynamic indicates that while R&D acts as a catalyst in the early 
stages of innovation, its marginal contribution decreases as firms consolidate their 
position as innovators. This has important implications for the temporal dimension 
of innovation policy: while upfront support for R&D is essential, long-term inno-
vation trajectories may require different types of enablers. This condition was evi-
denced through a quadratic Poisson specification, indicating that R&D intensity 
has a diminishing marginal effect, following an inverted U-shaped relationship with 
innovation output. This is a particularly interesting result, as it remains relatively 
underexplored in the existing literature and may offer valuable insights for other 
empirical applications in the field of innovation and productivity analysis.

Conversely, the effect of R&D personnel is apparently also stable in the rela-
tionship with the intensity of innovation adoption (Poisson model). Notably, this 
non-linear relationship emerges only in the case of circular innovations such 
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as waste reduction, material, and design-related innovations, while it does not 
appear to hold for innovations targeting energy efficiency or pollution reduction. 
A possible explanation is that circular innovations often require more complex 
organizational changes and higher levels of experimentation, which may initially 
benefit from increased R&D efforts, but face diminishing returns beyond a certain 
threshold. In contrast, energy and pollution reduction measures may rely on more 
standardized, mature technologies that exhibit more linear patterns of adoption 
with respect to R&D intensity. These results resonate with earlier contributions 
emphasizing the central role of R&D in eco-innovation adoption (Horbach 2008; 
Triguero et al. 2013). In particular, the inverted U-shaped effect of R&D inten-
sity complements findings by Cainelli et  al. (2015), who argue that absorptive 
capacity is crucial but subject to diminishing returns in later innovation stages. 
Our evidence thus aligns with the view that while R&D creates the conditions for 
early adoption, long-term trajectories rely more on organizational routines and 
external linkages.

Human capital also emerges as a critical component in the innovation process. 
The presence of university graduates, in particular, proves to be a significant driver 
for design-related innovations in both models. This reinforces the idea that higher 
levels of formal education among employees are particularly relevant in the early 
conceptual stages of circular innovation, where creativity, technical knowledge, and 
problem-solving capabilities are required. This result is consistent with expectations, 
as the design stage lies at the very beginning of the production process—where 
product conceptualization occurs—and typically demands advanced technical and 
creative competencies. The need for specialized and educated workers appears par-
ticularly relevant for fostering innovation in this upstream phase, reinforcing the idea 
that human capital is a critical enabler of circular design strategies. Complemen-
tarily, firm-managed training activities have a robust impact, especially in enhanc-
ing the intensity of innovation adoption in domains related to material use, energy 
efficiency, and pollution reduction. These findings suggest that SMEs investing in 
internal capacity building are more likely not only to innovate but also to sustain 
innovation over time, underlining the strategic importance of human capital devel-
opment as a lever for circular transition. What emerges is a role of human capital 
that echoes the insights of Rennings (2000), who emphasized knowledge as a core 
determinant of eco-innovation, and corroborates more recent analyses highlight-
ing the importance of specialized skills in circular design (Rizos et al. 2016). The 
emphasis on training also aligns with findings by Demirel and Kesidou (2011), who 
showed that firm-specific investments in learning activities enhance the persistence 
of eco-innovations over time.

This evidence also underscores the fact that different types of circular innovations 
may rely on different enabling factors. Design-related innovations, in particular, 
appear more dependent on internal knowledge and technical expertise, while other 
types may be more strongly influenced by other drivers, which can be internal (i.e., 
cost reduction) or external (e.g., supply chain integration and regulation). Recogniz-
ing this heterogeneity is crucial for both academic research and policy design, as it 
suggests that a one-size-fits-all approach to supporting circular innovation may be 
ineffective.
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We expected environmental knowledge, interpreted as the presence of environ-
mentally engaged and informed management within the firm, to exert a significantly 
positive influence on the adoption of circular innovations. This expectation was 
confirmed for all innovation types, except for those related to product design. This 
exception, together with the overall pattern observed, suggests that a green mana-
gerial vision alone is not the primary driver of circular innovation. Instead, firms 
appear to respond more strongly to external economic incentives, such as cost sav-
ings, input efficiency, and competitive advantages linked to green market position-
ing. This is further supported by the results of the Poisson model: in the second 
specification, which focuses on innovation intensity, environmental knowledge 
becomes statistically insignificant across all innovation types. This indicates that 
managerial awareness may play a role in initiating change, but sustained engagement 
in circular innovation is likely driven by tangible economic and strategic benefits.

Firm size consistently emerges as a key structural determinant of both innovation 
adoption and intensity. Larger enterprises (>200 employees) are significantly more 
engaged in circular practices than micro (<10 employees) or small firms, particu-
larly in areas such as energy efficiency, pollution reduction, and waste management, 
which might be the innovation sector where higher gains are present in terms of cost 
savings due to innovation. This highlights how size matters in terms of ecological 
and circular transition for small and micro enterprises, which have much less poten-
tial in experimentation, sustaining R&D activities, and bearing the risks associated 
with innovations. Big firms are more innovation-oriented. This may be related to 
their greater financial resources and more developed economic structures, which 
better equip them to absorb losses from failures in the innovation process.

One plausible explanation for this pattern lies in the varying degrees of external 
environmental scrutiny to which firms are subject, depending on their size. Larger 
companies often operate under stricter regulatory oversight and are more exposed 
to environmental audits, public attention, and stakeholder pressure. Moreover, they 
tend to be more visible to consumers and investors, who increasingly demand trans-
parency and environmental responsibility. As such, these firms are not only encour-
aged—but in many cases compelled—to innovate in order to comply with regula-
tory standards and maintain their reputation in the marketplace. This institutional 
and market-driven pressure contributes to creating a more innovation-conducive 
environment, particularly in areas aligned with sustainability and circular economy 
objectives.

These dynamics also carry clear policy implications. If growth and scale enhance 
a firm’s capacity and motivation to engage in sustainable innovation, then devel-
oping policies to scale up smaller enterprises—through clustering, financial instru-
ments, or capacity-building initiatives—could be a strategic pathway to accelerate 
the green transition across entire industrial sectors. In this sense, firm growth can 
be seen not only as a consequence of successful innovation but also as a precondi-
tion for engaging more deeply with sustainability-oriented transformations. There-
fore, sustainability policies should not be limited to fostering innovation per se, 
but should also enable structural upgrading and scaling, particularly among SMEs, 
which represent the backbone of most European economies yet face systemic barri-
ers to innovation.
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Membership in a conglomerate group apparently is not a determinant of inno-
vation adoption. The Group variable is positive and statistically significant only in 
the first model (our measure of innovation adoption) for innovation in material use. 
This may highlight that size matters, but not for small group units. This may be 
because the innovation process (conceptualization, design, research, and implemen-
tation) takes place in the non-operational units of the company. These findings align 
with previous evidence indicating that larger firms are better positioned to leverage 
economies of scale and meet regulatory requirements (Horbach et al. 2012; Kesidou 
and Demirel 2012).

Lastly, market orientation, particularly openness to international markets, posi-
tively influences innovation adoption. In fact, nearly all innovations for the first 
model (i.e., adoption of innovation), apart from pollution reduction, have shown sta-
tistically significant coefficients. This highlights the relevance of external linkages 
and competitive exposure in triggering innovation-minded behavior, possibly due to 
access to broader knowledge networks and more stringent environmental standards 
abroad. We have not looked at whether firms produce abroad, but only at whether 
they export or not. Therefore, international exposure has an effect in terms of influ-
ence but not in terms of relocation outside of Italy. However, this result is not con-
firmed in the adoption intensity model since the Exporter variable is never statisti-
cally significant. This may suggest that openness to international markets may be 
important in terms of innovative decision-making, as Frondel et al. 2007 suggested, 
but it does not influence the number of innovations implemented by the firm once 
the adoption decision is taken.

Conversely, the location of the firm’s headquarters does have an impact. Hav-
ing it outside of Italy negatively impacts innovation in some domains, especially 
when related to energy and materials. This may be reflected in cost differentials or 
sector-specific characteristics. As for innovations related to energy and material use, 
the coefficients of this variable in the intensity adoption model showed statistically 
significant negative signs with a high amplitude for innovations related to materials 
and energy (around – 15), suggesting that firms with headquarters abroad may have 
a lower propensity to innovate in those specific sectors. This could be due to the 
industry’s specificity or to the relative cost of materials and energy, which may be 
lower abroad than in Italy, as documented in the Draghi report (2024).

The firm’s age, however, is positively associated with circular innovation adop-
tion, suggesting that accumulated experience, established routines, and greater 
financial stability enhance a firm’s innovation capability. Together, these findings 
offer a rich and nuanced understanding of how internal and external factors inter-
act to shape innovation dynamics across different stages of the circular innovation 
process.

7 � Conclusions

This study contributes to the literature on eco- and circular innovation by offering a 
comprehensive and multidimensional assessment of the drivers that influence both the 
adoption and intensity of circular innovation among SMEs. By employing two different 
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models, the research disentangles the initial decision to innovate from the decision to 
expand the range of innovations implemented, revealing important asymmetries in the 
factors that influence these two stages. Our findings are relevant for modeling policies 
to fit the strong heterogeneity within the universe of Italian and European firms, most of 
which are small, resource-constrained, and more risk-averse than larger firms.

Notably, while R&D investments, human capital, and international exposure are 
essential for triggering innovation, their explanatory power varies once firms move 
beyond initial adoption. In particular, the diminishing relevance of R&D in the second 
model suggests that innovation maturity calls for more integrated and systemic ena-
blers, such as organizational learning, process optimization, and network engagement. 
This finding underlines the importance of temporally targeted policy interventions: 
early-stage innovators require strong financial and cognitive support, whereas mature 
innovators may benefit more from ecosystem-based and collaborative frameworks.

Moreover, the study highlights the structural disadvantages faced by micro and small 
firms, which remain less likely to engage in circular innovation despite their centrality 
in the European productive fabric. This underscores the need for highly tailored policy 
instruments that account for the specific constraints of these firms, namely, financial, 
organizational, or cognitive factors. The finding that older and larger firms are more 
inclined to adopt and intensify eco-innovations challenges the common assumption that 
start-ups and young enterprises primarily drive innovation. It also suggests that a firm’s 
accumulated capital, experience, and structural resources may be pivotal in enabling the 
transition toward more sustainable business models.

Although this study provides important insights, it is not without limitations. 
Most notably, it does not account for the level of novelty or disruptiveness of the 
innovations, thus overlooking potential differences between radical and incremen-
tal innovations. Future research should seek to refine this distinction, as the drivers 
and barriers for transformative innovations are likely to diverge from those of more 
incremental changes. Additionally, the economic implications of circular innova-
tion adoption remain an open question. In addition, another limitation concerns the 
exclusion of regulatory drivers from our empirical analysis. Although regulation is 
widely recognized as a crucial determinant of eco-innovation, as mentioned in the 
literature section—particularly in shaping firms’ incentives and compliance behav-
ior—our dataset does not allow us to account for this dimension. As a result, the 
findings presented here primarily reflect the influence of internal and market-related 
factors. Future research should therefore explicitly integrate regulatory dynamics to 
provide a more comprehensive understanding of the interplay between internal, mar-
ket-based, and institutional drivers of circular innovation.

Finally, while this study sheds light on what enables firms to innovate, it does 
not address how these innovations impact profitability, competitiveness, or long-
term value creation. Addressing this gap would be crucial for assessing the strate-
gic relevance of circularity from a firm perspective. If circular innovations can be 
shown to deliver tangible economic benefits, they could become not only a response 
to environmental imperatives but also a core component of firm-level competitive 
strategy, particularly for SMEs navigating an increasingly sustainability-oriented 
marketplace.
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