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Abstract 

The transition toward a circular economy (CE) in agriculture relies not only 

on technological progress but also on the behavioural readiness of millers to 

embrace sustainable practices. This study employs the Norm Activation Model 

(NAM) to examine how psychological and structural factors shape CE practices 

adoption among olive oil mill business owners in Sicily. Drawing on survey data, 

we conducted a Partial Least Squares Structural Equation Modeling (PLS-SEM) 

analysis using actual behaviour as dependent variable. The results indicate 

that Awareness of Consequences and Ascription of Responsibility significantly 

strengthen Personal Norms, emphasizing their key role in fostering moral 

engagement with environmental sustainability. Yet, Personal Norms alone do not 

directly lead to CE practices adoption, highlighting a persistent attitude–behaviour 

gap typical of traditional farming contexts. Notably, Awareness of Consequences 

exerts a direct effect on observed behaviour while Personal Norms do not, 

suggesting that NAM may require adaptation when applied to small, family-run 

agri-food firms in which the owner-manager translates the cognitive recognition 

of environmental impacts directly into firm-level decisions. Conversely, education, 

experience, enterprise size, and milling type are found to be significant drivers 

of CE participation, indicating that moral motivation must be complemented by 

suitable organizational and contextual support. The findings provide novel empirical 

evidence that the CE transition in agri-food systems results from the relation 

between individual moral activation and organizational capacity. Policy measures 

should therefore combine behavioural and structural approaches, through education, 

technical assistance, and targeted incentives, to encourage CE innovation and the 

possible valorization of olive oil by-products.
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1.  Introduction

The shift toward a circular economy (CE) has become a focal point for multiple indus-
tries seeking to improve both resource efficiency and sustainability [1,2]. This trans-
formation is mainly encouraged by EU-level strategies, including the 2015 EU Action 
Plan for the Circular Economy, which promotes a systemic move away from the linear 
“take–make–dispose” model toward one centered on reuse and waste minimization 
[3,4].

The literature offers multiple empirical frameworks addressing how farmers, 
producers, and processors decide to implement CE business models within food 
value chains [5–7]. Recent works highlight that adoption behaviours are influenced 
by a combination of socio-economic, environmental, and institutional drivers, where 
financial incentives [8], supportive regulation [9], and technological progress [10] play 
essential roles in facilitating CE engagement.

This trend has progressively influenced multiple sectors, including the agri-food 
industry [11], and more recently, the olive oil milling sector [12,13]. Olive oil produc-
tion represents a cornerstone of Mediterranean agriculture, particularly in Italy, where 
it contributes substantially to the economy, rural employment, and environmental sus-
tainability [13,14]. Italy’s olive oil sector generates approximately €3.3 billion in turn-
over, and Italy is the second-largest olive oil producer in the world after Spain [15]. 
Moreover, the olive oil market is growing; indeed, the demand is rising for healthy 
food products and the growing global awareness of the Mediterranean diet as well. In 
this context, olive oil plays a prominent role as part of the Mediterranean diet [16,17].

However, olive oil mills also generate substantial by-products, including olive 
pomace, wastewater, and husks. If not properly managed, these waste materials can 
contribute to environmental degradation [18]. The traditional extraction process, often 
resource-intensive and waste-heavy, raises major concerns regarding its environ-
mental footprint and overall sustainability [19]. To address these issues, CE principles 
promote waste valorization, resource recovery, and the implementation of closed-
loop production systems [20].

A growing body of literature has demonstrated the economic and environmen-
tal benefits of CE approaches in olive oil production, underlining the importance of 
technological innovation, supportive policy frameworks, and stakeholder collaboration 
in driving this transition [21–23]. Nevertheless, the use of CE habits in olive milling 
remains uneven, influenced by cognitive, social, and institutional factors. Under-
standing the adoption of circularity among olive mill operators is therefore essential to 
identifying the drivers and barriers to CE practices. In particular, examining prosocial 
and environmentally responsible behaviours is crucial, as mill operators may be more 
inclined to adopt sustainable practices when they feel a personal moral obligation to 
act responsibly. More specifically, while existing studies on CE in olive oil production 
have mainly addressed technological innovations, economic feasibility and policy 
instruments [12,13,21,24,25], comparatively little is known about the psychological 
and moral antecedents that shape entrepreneurs’ willingness to engage with circular 
practices [26,27]. This research gap is particularly relevant in traditional, family-run 
agribusiness contexts such as Sicilian olive milling, where decisions are typically 
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taken by individual entrepreneurs whose values, perceived responsibility and moral obligations strongly mediate their 
response to external incentives [28,29]. Focusing on personal moral obligation does not deny the relevance of structural 
drivers, but addresses an underexplored mechanism that helps explain why, even in the presence of supportive policies 
and technologies, CE adoption among olive millers remains uneven.

Accordingly, this research adopts the Norm Activation Model (NAM) as its conceptual foundation to examine the extent 
to which personal norms, awareness of consequences, and ascription of responsibility shape the adoption of CE practices 
within olive oil milling.

Within this context, the study conducts a comprehensive analysis of circularity in Sicilian olive mills, since Sicily, along 
with Apulia and Calabria, is a key region in Italian extra virgin olive oil production and generates substantial quantities of 
by-products [30]. The results yield valuable information into the psychological and contextual factors shaping the transition 
toward CE practices, offering guidance for policymakers and industry stakeholders aiming to foster a more sustainable 
olive oil sector.

The contribution of this paper is twofold. First, it provides original empirical evidence on how psychological constructs 
of NAM operate in a setting – olive oil milling in southern Italy – that has so far been examined almost exclusively through 
technological or economic lenses, despite being a paradigmatic case of agri-food sector with high environmental external-
ities and slow CE uptake. Second, the paper integrates the psychological core of NAM with firm-level structural variables 
(size, type of milling activity, experience) within a single PLS-SEM specification, thus jointly testing the moral and the orga-
nizational antecedents of CE adoption. This dual specification responds to recent calls in the literature to overcome the 
dichotomy between psychological and structural explanations of pro-environmental behaviour in agri-food entrepreneurs 
[29,31–33] and allows the identification of specific levers – such as the type of milling activity – that can guide targeted 
policy interventions in the olive oil supply chain.

2.  Conceptual background: Objective and hypotheses

This study explores prosocial and environmentally responsible behaviour among olive oil mill operators to understand their 
engagement with CE business models. To achieve this, we adopt the Norm Activation Model (NAM) as theoretical frame-
work. Originally developed by Schwartz [34], NAM explains pro-environmental behaviour based on three key constructs 
as follow: personal norms, awareness of consequences (AC), and ascription of responsibility (AR). Individuals are more 
likely to adopt sustainable practices when they are conscious of the ecological implications of their acts and feel morally 
responsible to act [35].

In the framework of circular economy, NAM provides valuable lens to investigate the behavioural motivations behind 
CE adoption. While economic and technological incentives are important, individual values and moral obligations often 
play a decisive role [26,36]. The model is employed to examine how these internal motivations influence olive millers’ 
decisions related to waste valorization, resource efficiency, and sustainability initiatives.

The application of NAM to business operators in agri-food systems requires explicit conceptual justification, since the 
model was originally developed by Schwartz [34] to explain altruistic helping behaviour and subsequently extended mainly 
to consumer pro-environmental contexts [26,27]. The choice of NAM in our setting rests on three considerations. First, 
Sicilian olive milling – and more generally agro-food industry – is dominated by small and family-run firms in which the 
operator is also the owner-manager [30,37,38]: in such contexts the boundary between the individual and the firm-level 
decision-maker is blurred, so that operators’ personal values, perceived responsibility and moral activation translate quite 
directly into firm-level pro-environmental decisions. Second, recent studies have successfully applied NAM, alone or in 
combination with other behavioural frameworks, to farmers and agri-food entrepreneurs facing pro-environmental deci-
sions [29,35,39,40], as well as to other non-consumer settings such as sustainable transport choices [41] and hospitality 
operators’ environmentally responsible practices [42], supporting its empirical validity beyond the consumer domain. Third, 
we adopt NAM as the theoretical lens to capture the moral component of decision-making, while complementing it with 
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socio-demographic and firm-level structural variables (H3 and H4) that account for organizational and contextual condi-
tions [31–33]. At the same time, NAM is not designed to capture market dynamics, regulatory frameworks or supply-chain 
governance [25], which therefore remain promising directions for future research.

Building on this rationale and given that NAM has been widely applied to behaviours such as waste reduction, energy 
conservation and sustainable agriculture [26], the study first investigates whether NAM can effectively explain pro-
environmental millers’ behaviours regarding CE implementation (H1).

Moreover, existing literature highlights that personal norms are shaped by constructs such as awareness of conse-
quences, ascription of responsibility, and social norms, that can influence individuals’ moral engagement with sustainability 
issues [27]. These constructs could reinforce or hinder the development of strong personal norms, affecting the likelihood 
of CE adoption. To address this, the study verifies the hypothesis whether personal norms are influenced by other NAM 
constructs and if AR is affected by AC in shaping millers’ decision-making processes (H2).

Additionally, pro-environmental behaviour in agriculture refers to actions that minimize environmental impact while 
maintaining productivity. This includes sustainable soil management, water conservation, reduced pesticide use, biodi-
versity protection, and CE practices [19]. Existing literature highlight how socio-demographic characteristics can influence 
farmers’ pro-environmental behaviour [28,35]. Factors such as age, education level, income [39,43,44] have been shown 
to influence behaviour. From this derived the third hypothesis that aims at verifying if socio-demographic characteristics of 
farmers affect the observed behaviour (H3).

Several firm characteristics can influence farmers’ behaviour toward adopting CE practices. These characteristics 
determine their capacity, motivation, and willingness to integrate sustainable and resource-efficient strategies into their 
operations [45–47]. Within this context it has been widely demonstrated that farm size, experience, and access to relevant 
information influence the formation of their attitudes and their willingness to adopt sustainable practices [48–50].

In light of these last premises, the study aims to examine which firm characteristics influence millers’ behaviours toward 
adopting CE practices (H4).

The findings offer insights into how policy measures, educational initiatives, and industry collaboration can promote 
a more sustainable and CE approach to olive milling in Sicily and beyond. The relations and hypotheses are depicted in 
Fig 1.

Based on the theoretical foundations discussed above, the proposed hypotheses can be summarized as follows:
H1: The NAM effectively explains business operators’ pro-environmental behavior regarding Circular Economy 
implementation.
H2: Personal norms are positively influenced by other core NAM constructs, and Ascription of Responsibility is signifi-
cantly affected by Awareness of Consequences.
H3: The socio-demographic characteristics of business operators significantly affect their pro-environmental behavior
H4: Specific firm-level characteristics significantly influence operators’ behaviors toward Circular Economy practices

3.  Methodology

3.1.  Data collection

Data were collected through structured interviews conducted by professionally trained officers from a specialised 
agency. The survey employed the CAWI (Computer-Assisted Web Interview) method, ensuring a systematic and efficient 
approach to data gathering. Data collection took place between July and October 2024. Prior to the interview, a prelimi-
nary telephone contact was made to provide a detailed explanation of the initiative, request authorisation, and confirm the 
availability of participants specifically the business owners. Once the respondents had agreed to participate, the question-
naire was briefly explained before the email was sent out to minimize the margin of error during the interviews. Business 
owners that agreed to take part in the CAWI interview subsequently received an email invitation containing a unique and 
personalised link to access the survey developed as online questionnaire. The link also provided instructions on how to 
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complete the questionnaire and the option to contact the agency if respondents needed assistance. All data collection 
procedures adhered to established ethical standards for social science research and were conducted in accordance with 
the principles of the Declaration of Helsinki. Participating olive oil millers were fully informed about the purpose and scope 
of the study, the procedures involved, the section and the structure of the survey and the anonymous and aggregated 
treatment of their data. They were also clearly informed of their right to withdraw from the study at any time without any 
consequences being the data required solely for research purposes. All participants were adults and provided written 
informed consent prior to participation, thereby ensuring voluntary participation, as well as the confidentiality and anonym-
ity of the respondents throughout the data collection and analysis phases.

The survey was carefully designed to capture a comprehensive set of data and was divided into three main sections. 
The first section focused on socio-demographic characteristics of the business owners, including variables such as age, 
work experience, and education level. Additionally, it collected general information about companies, such as the number 
of employees, the presence of shareholders, and detailed information on the materials used and generated at different 
stages of the production process.

The second section explored the structural and productive aspects of the mills, including company size, mill type, and 
olive production capacity. The total volume of olive processed reflect the scale of production activities, and was therefore 
used as an indirect proxy for company size, consistent with previous empirical studies in agricultural economics [18]. The 
type of milling activity was classified into two categories: Own-olive milling, referring to mills processing the operator's 
own olives, and Contract milling, referring to mills providing milling services for olives supplied by external producers. This 
part was designed to capture the heterogeneity among businesses in terms of their operational characteristics, production 
capacity, and processing practices.

The third section assessed the adoption of CE practices within the mills. Business owners were asked to evaluate vari-
ous elements related to sustainability and resource efficiency using validated scales based on the NAM theoretical frame-
works. This part of the questionnaire sought to measure the extent to which CE practices were integrated into business 
operations, providing insights into the level of environmental commitment and innovation within the sector.

Fig 1.  Relations explored in the structural model combining NAM with explorative items. The model tests the relationships between awareness of 
consequences (AC), ascription of responsibility (AR), and personal norms (PN) in influencing pro-environmental behaviour (H1–H4). Socio-demographic 
variables (age, education) and firm-level characteristics (years of activity, collaborators, processed olives, wastes, milling capacity, and costs) are 
included as influencing factors, together with the type of milling activity.

https://doi.org/10.1371/journal.pone.0337025.g001
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In total, 112 valid responses were retained after a thorough data cleaning process conducted by a specialized agency, 
ensuring the quality and reliability of the dataset. The interview refusal rate was around 5%. The sample size was consid-
ered adequate for studies on entrepreneurs, as the value was in line with recent literature evaluating farmers’ behaviour 
[31,51] where data collection can be difficult because farmers are often unwilling to be interviewed [52]. Given the number 
of olive oil millers in Sicily, 616 according to the latest official available data from the Sicily Province [53], the margin of 
error for a sample size of 112 was calculated using the Raosoft online tool [54] to be 7.04, which is consistent with the 
current literature on farmers’ behaviour [55]. Finally, in this specific context, the sample dimension represents 18.18% of 
the total population suggesting the high representativeness of the data. To improve the capability of the Norm Activation 
Model (NAM) in describing millers’ behaviour, the analysis also incorporated socio-demographic and structural character-
istics of both the producers and their firms as predictors of pro-environmental behaviour, as detailed in Table 1. Moreover, 
the table includes the codes used to quantify the information carried by the categorical socio-demographics and firms 
related variables allowing a better understanding of the results. Including these exploratory variables as predictors along-
side validated psychometric scales is consistent with previous research combining the role of psychometric constructs 
with individual and structural characteristics [32,56,57]. This strategy provides a more comprehensive representation 
suggesting that structural and contextual factors can meaningfully be integrated to link individual psychological traits with 
structural and contextual factors in explaining individual decision-making [31,32].

3.2.  The norm activation model

Concerning the part of the survey related to the validated Norm Activation Model (NAM), the items measuring Awareness 
of Consequences (AC), Ascription of Responsibility (AR), and Personal Norms (PN) were adapted from the validated NAM 
scale developed by Rezaei et al. [58]. This choice was motivated by the theoretical foundations of NAM, which is specif-
ically designed to explain pro-social and pro-environmental behaviours driven by moral obligation rather than economic 
incentives [34,59].

The scale proposed by Rezaei et al. [58] offers a contextually appropriate operationalization of NAM constructs in 
sustainability-related decision-making, making it particularly suitable for adaptation to entrepreneurial and organizational 

Table 1.  Descriptive outcomes of the olive oil millers (n = 112).

Variables Categories Codes Absolute 
frequency

Relative 
frequency

Mean
(SD)

Age Age Continuous N.A. N.A. 54.44 (14.89)

Education
Up to Middle school 1 22 19.64 N.A.

High school 2 58 51.79 N.A.

University degree 3 32 28.57 N.A.

External collaborators No 1 22 19.64 N.A.

Yes 2 90 80.36 N.A.

Years of activity Continuous N.A. N.A. 25.19 (15.49)

Olive processed (t) Continuous N.A. N.A. 3242.09 (4687.84)

Type of milling activity
Own-olive milling (mills processing the operator's own olives 1 56 50.00 N.A.

Contract milling (external olive mill) 2 56 50.00 N.A.

Wastes
(mc)

Continuous N.A. N.A. 949.05 (1440.97)

Milling capacity (100 kg/h) Continuous N.A. N.A. 124.96 (519.86)

Costs
(€/100 kg)

Continuous N.A. N.A. 16.03 (2.90)

https://doi.org/10.1371/journal.pone.0337025.t001
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contexts where environmental practices are voluntary, responsibility-based, and potentially costly. Accordingly, the items 
were contextualized to explicitly refer to pro-environmental behaviour while preserving their original theoretical meaning, 
in line with established applications of NAM in environmental and sustainability research, see Table 2. These constructs 
were investigated by developing Likert scales ranging from 1 = “totally disagree” to 5 = “totally agree”.

In the analytical phase, the variables or items were assessed through the measurement model and included as predic-
tors in the structural model. The observed behaviour served as the dependent variable and was developed as a binary 
(dummy) variable, coded as 1 if entrepreneurs reported using at least one CE technique in their companies related to 
different solid and liquid by-products pathways. Behaviour was treated as a dummy variable because, given the popula-
tion of olive oil millers in Sicily and the limited sample size that could be obtained considering the difficulties in collecting 
primary data from business owners [52], a more detailed specification would likely have increased model complexity and 
reduced coefficients stability. Specifically, modelling behaviours as separate variables could have resulted in categories 
with few or no observations. In regression analysis, such sparse data can produce unstable estimates and increase the 
risk of overfitting [60].

A list of potential CE practices was presented to olive oil millers, related to the possible pathways that by-products from 
olive oil extraction can take. In particular olive oil solid wastes and mill wastewaters were both considered.

A list of potential Circular Economy (CE) practices was presented to olive oil millers, focusing on the alternative path-
ways through which by-products generated during olive oil extraction could be valorized. In particular, the analysis consid-
ered both olive mill solid wastes (e.g., pomace and pruning residues) and olive mill wastewater.

Specifically, the set of CE practices included in the analysis and presented to business owners in the survey was iden-
tified through a review of the recent literature on circular economy approaches in the olive oil sector [12]. The selection 
criterion was based on the effective possibility for millers to directly adopt these practices within their production activi-
ties. Accordingly, the following pathways were considered: biofuel production; reuse of pruning residues for regenerative 

Table 2.  List of constructs and items derived from NAM.

Constructs Items Mean (SD)

PN1 I feel a sense of moral duty to adopt circular economy practices in my olive mill. 4.51 (0.62)

PN2 Not engaging in environmentally harmful practices makes me feel like a more 
responsible miller.

4.58 (0.61)

PN3 I feel a moral duty to embrace pro-circularity behaviours in my olive oil 
processing.

4.45 (0.72)

AR1 I believe I am partly responsible for any negative environmental impacts caused 
by my mill.

3.56 (0.73)

AR2 I acknowledge that my olive oil processing methods may contribute to 
environmental degradation, and I am responsible for addressing it.

3.88 (0.76)

AR3 I think all olive millers share the responsibility to adopt practices that protect the 
environment.

3.96 (0.87)

AR4 I feel myself as responsible to take action and contribute to environmental 
protection in my olive oil production.

4.37 (0.72)

AC1 Adopting circular economy practices in my mill reduces waste and energy 
consumption.

4.23 (0.72)

AC2 Implementing circular economy practices helps preserve biodiversity. 4.27 (0.80)

AC3 Current practices in my mill may contribute to environmental pollution. 3.96 (0.97)

AC4 Circular economy practices can help improve air quality. 4.18 (0.65)

AC5 Circular economy practices can reduce soil and water pollution. 4.30 (0.68)

AC6 Circular economy practices can have a positive impact on human health. 4.13 (0.69)

https://doi.org/10.1371/journal.pone.0337025.t002
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agriculture; use of olive mill wastewater for soil treatments or for the extraction of high-value bioactive compounds; and 
biofertilizer production.

The adapted Italian version of the NAM scale was subsequently pilot tested with a small sample of eight entrepreneurs 
drawn from the target population. The pilot test aimed was developed to assess item clarity and response variability 
requested for an effective data collection improving response reliability rather than scale validation. Indeed, considering 
the population of olive oil millers and the difficult engagement in pre-testing experiences this solution was considered con-
sistent with the agricultural context and with the aim of the paper. The pilot test was conducted in collaboration between 
the university staff and the specialized agency enrolled for data collection. Feedback from millers indicated that the 
items were clear and relevant for the milling context; only minor linguistic adjustments were required, and no items were 
removed. This phase was also important for understanding the cognitive effort required of business owners in completing 
the questionnaire. The feedback received was positive, as the entire interview took no more than 10 minutes, and respon-
dents confirmed that their attention span remained sufficiently high throughout the interview.

3.3.  Data analysis

To address the research hypotheses developed for this study, Partial Least Squares Structural Equation Modeling (PLS-
SEM) was deemed as the most suitable analytical approach. This approach is extensively employed in Social Sciences 
[36,61], PLS-SEM is particularly advantageous for analyzing complex relationships among variables and for identifying 
latent constructs in social phenomena [62]. PLS-SEM was deemed appropriate for data analysis also considering the 
small population of millers. Indeed, the model is particularly suitable to formalize relations in small population analysis 
[63]. This approach is especially effective when using validated scales based on well-established theoretical frameworks 
like the one used in this work namely Norm Activation Model (NAM) [58]. Considering that PLS-SEM is a distribution-free 
method, p-values and standard errors cannot be obtained for the structural model’s parameters. Therefore, bootstrap pro-
cedure was employed to estimate the standard errors and thus the p-values of the model’s parameters [64]. However, the 
literature suggests that the standard errors should be interpreted with caution since the value is affected by the number of 
replications [65]. To reduce the impact of this problem, the number of replications was chosen based on what is indicated 
in the literature, i.e., 5000 [51,66,67].

In comparison to covariance-based structural equation modeling (CB-SEM), PLS-SEM can yield results with higher 
reliability when the model includes multiple constructs and indicators [42]. It is also more robust in cases of little sample 
sizes [63,64] and does not rely on strict distributional assumptions, such as normality of the error term [64,68]. This is 
particularly important because maximum likelihood estimators in CB-SEM may produce biased results under non-normal 
conditions [69]. Hence, the PLS-SEM can be preferred if complex constructs are included in the survey, that have multiple 
items, and smaller samples are collected due to its higher robustness and statistical power. Moreover, it aims to minimize 
unexplained variance and maximize R² values [70].

PLS-SEM operates through a series of partial regressions and includes two main components: the measurement 
and structural models [63,71]. The estimation algorithm consists of three stages: (1) iterative scoring of latent variables, 
(2) individuation of measurement model parameters, and (3) estimation of the parameters related to the structural 
model, also referred to as path coefficients [64]. The measurement model establishes the relationships between latent 
constructs and their observed indicators, whereas the structural model assesses the relationships among latent variables 
within a multivariate regression framework, where variables may serve as either predictors (exogenous) or outcomes 
(endogenous) [64].

Latent constructs in the model are defined as linear combinations of the observed indicators and are employed for 
predictive analyses [70]. To assess model fit, several quality criteria were applied since this issue is complicated in PLS-
SEM and still not fully defined [64]. Indeed, a comprehensive measure of goodness of fit and many threshold values are 
still considered very tentative [63].
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The indexes employed are related to each other, therefore, firstly to compute the average redundancy, the aver-
age communality was obtained. Redundancy assesses the amount of variance in the indicators or items explained by 
the exogenous latent variables used to predict endogenous variables. The average R² of the model was obtained and 
was considered adequate with values greater than 0.20 since in Social Sciences are generally considered acceptable 
[63,70,72]. The results of these indexes were compared with recent literature to understand the validity of the results.

The reliability of the constructs in term of internal consistency has been evaluated running Cronbach’s Alpha and 
Rho_A, both of which should exceed 0.60. Cronbach’s Alpha values should be allocated within a range from 0.7 or 0.6 in 
exploratory research to 0.95. Lower values are related to low internal consistency of the construct and higher values sug-
gest undesirable response patterns triggering inflated correlation among error terms [63]. Moreover, Rho_A is combined 
with Cronbach’s index since it is considered one of the most important and consistent measures of reliability in structural 
modelling [73].

The Average Variance Extracted (AVE) was employed to evaluate convergent validity of the constructs considering 
the value of 0.5 as the minimum one acceptable. Indeed, only constructs that met these thresholds were retained for the 
structural model. This indicator represents the variance explained of the items from a specific construct and is computed 
by obtaining the mean value of the square of the loadings [63].

The standardized loadings were examined to ensure robustness, and variables with loadings below 0.40 were not 
included [66,74]. Moreover, all the loadings from the NAM were included in the measurement model since their value 
exceeded 0.5. Indeed, items related to loadings below this threshold should be removed from the analysis if no valid justi-
fications are provided [63,75].

Multicollinearity represent an important limitation since it could affect and inflate standard errors, distort path 
coefficients, and reduce model reliability. Therefore, this issue was assessed with the Variance Inflation Factor (VIF) 
to guarantee the robustness of the estimates using a threshold value of 5 [51,76]. Values within 3 and 5 suggest that 
collinearity could affect the model but the problem is considered uncritical [75]. In this way, although multicollinearity is 
not totally excluded, the effects on standard errors and, consequently, on the quality of the estimates are considered 
tolerable [63].

Finally, the explanatory power of the structural model was evaluated using the Average R² value for the overall model 
assessment and the individual R² values for each structural equation. The obtained values were assessed and bench-
marked against thresholds reported in recent literature. R² should also be considered with caution being the acceptability 
threshold affected by the context where the analysis is conducted and in some cases values below 0.1 are still considered 
satisfactory [63].Conversely, high values of R² exceeding 0.9 are considered problematic as well indicating that the model 
overfits the data [75]. The value obtained was considered adequate in this context being a social field of research and the 
total population of millers equal to 616.

The analyses were conducted with STATA 17 using the “plssem” package [64].

4.  Results and discussion

The questionnaire responses outline the characteristics of the olive oil processing industry in Sicily. The sector is largely 
composed of small, family-run mills and marginal enterprises, with production levels that barely exceed self-consumption 
or contribute only marginally to overall company income. Several barriers still hinder the implementation of closed-loop 
systems for reusing vegetation water.

The results obtained through Partial Least Squares Structural Equation Modeling (PLS-SEM), applying the Norm Acti-
vation Model (NAM), provide insights into the relationships between personal norms (PN), ascription of responsibility (AR), 
awareness of consequences (AC), and observed behaviour (Table 2).

The standardized loadings reported in Table 3 meet the acceptability threshold suggested by Hair et al. [66], as all val-
ues exceed 0.4. These coefficients reflect the strength of the correlations between items within each construct.
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Cronbach’s alpha and Rho_A scores for all the constructs are above 0.6, indicating acceptable internal consistency and 
supporting the adoption of these set of variables or constructs in the structural model. Convergent validity was also evalu-
ated: the Average Variance Extracted (AVE) values for all constructs meet the indicated threshold exceeding the 0.5 score 
and confirming that each construct can be considered reliable and used to examine its influence on millers’ behaviour [63].

Concerning the goodness of fit for the model, the average communality was 0.762 and the average redundancy 0.246 
indicating a good amount of explained variance and predictive capability being the results in line with other studies [77,78]. 
Finally, the average R² is 0.322, indicating that the explanatory capacity of the model is sufficient [63] and in line with cur-
rent literature [78,79]. The Average R² is computed by considering all endogenous latent variables included in the model, 
providing an overall measure of explanatory power that differs from the R² values associated with individual regressions 
within the structural model [64].

The structural model was performed after checking the measurement model’s goodness of fit. Collinearity was anal-
ysed by means of VIF analysis for all constructs and variables included in the final structural model. VIF analysis results 
are included in Table 4 indicating that the variables are adequate to be employed in the structural model since no value 
is higher than 5. For the variables relating to “Type of milling activity” and “Wastes,” the VIF values are slightly below the 
threshold of 5 and are therefore considered sufficiently reliable to be included in the model, also in view of the interest-
ing theoretical implications. It is possible that these relatively high values are due to the technical characteristics of the 
olive sector. In fact, there may be differences in waste production due to the business decisions made by farmers [80,81], 
including the quantity of olives milled on the farm or entrusted to third parties.

The relations of the structural model are graphically presented in Fig 2 and depicted quantitatively in Table 5. Several 
significant relationships were identified with a minimum p-value threshold of 0.1. This threshold was considered accept-
able to identify statistically significant relationships, as p-values below 0.10 are commonly regarded as relevant in busi-
ness and behavioural research contexts characterized by complex decision-making processes [75].

Furthermore, the R2 values associated with the endogenous constructs and estimated through the structural equations 
indicate adequate explanatory power, in line with values reported in recent PLS-SEM studies [82,83].

Table 3.  Measurement model outcomes: factor loadings and goodness of fit stats.

Items\Construct Personal Norms Awareness of Consequences Ascription of Responsibility

PN1 0.835

PN2 0.783

PN3 0.874

AC1 0.815

AC2 0.532

AC3 0.651

AC4 0.951

AC5 0.622

AC6 0.879

AR1 0.643

AR2 0.595

AR3 0.765

AR4 0.816

Cronbach alpha 0.775 0.847 0.675

Rho_A 0.782 0.902 0.717

AVE 0.691 0.573 0.505

https://doi.org/10.1371/journal.pone.0337025.t003
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Concerning H1, the empirical results provide only partial support for the overall adequacy of the NAM framework: 
although AC and AR significantly contribute to the activation of personal norms, PN themselves do not translate directly 
into observed pro-environmental behaviour. The detailed pattern underlying this partial validation is examined in the fol-
lowing paragraphs. The outcomes indicate a significant and positive association between Ascription of Responsibility (AR) 
and Personal Norms (PN), suggesting that individuals’ perceived environmental responsibility reinforces moral dimen-
sions linked to sustainability and circularity within agricultural contexts [27]. Similarly, Awareness of Consequences (AC) 
exerts a significant influence on Personal Norms, suggesting that as entrepreneurs’ awareness of environmental issues 
increases, their environmentally oriented moral attitudes are strengthened. These outcomes confirm H2, showing that 
both AC and AR act as primary antecedents of moral obligation among millers. This pattern supports the central premise 
of the Norm Activation Model, which assumes that pro-environmental behaviour emerges when people both acknowledge 

Table 4.  Collinearity check related to the constructs and items included in the structural model.

Constructs Personal Norms Ascription of responsibility Pro-environmental Behaviour

PN 1.364

AC 1.215 1.000 1.389

AR 1.215

Variables

Age 1.797

Education 1.234

Years of activity 1.164

Collaborators 1.757

Olive processed (t) 1.149

Type of milling activity 4.428

Wastes (mc) 4.489

Milling capacity (100 kg/h) 1.220

Costs (€/100 kg) 1.138

https://doi.org/10.1371/journal.pone.0337025.t004

Fig 2.  Graphic presentations of the relationships checked using the structural model. The results highlight the central role of AC and AR in shap-
ing moral norms (PN) and the contribution of education, experience, and enterprise size to pro-environmental behaviour in the olive oil sector.

https://doi.org/10.1371/journal.pone.0337025.g002
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the consequences of their actions (AC) and internalize personal responsibility (AR). In rural contexts, where environmen-
tal damage is often perceived as diffuse or collective, this cognitive-emotional link is essential to activate moral motivation, 
as highlighted in other studies [29,84].

Moreover, the observed strong relationship between AC and AR indicates the presence of a cascading effect within the 
NAM structure. In particular, heightened awareness of environmental impacts (AC) tends to amplify perceived responsi-
bility (AR), thereby reinforcing personal moral norms (PN). This sequential dynamic clarifies how cognitive understanding 
of environmental issues can progressively evolve into a moral sense of obligation and, eventually, into behavioural readi-
ness. In other words, awareness functions as the cognitive trigger that initiates the moral activation process, while respon-
sibility serves as the emotional bridge linking awareness to personal norms [85,86]. This sequential dynamic refers to the 
empirical pathway AC → AR → PN observed in our model (H2), which is fully consistent with the original NAM logic [27,34] 
and with subsequent extensions of NAM to non-consumer decision settings [42], in which awareness of consequences 
activates ascription of responsibility, which in turn reinforces moral obligation.

Nonetheless, the analysis shows that PN does not significantly predict pro-environmental behaviour, thereby challeng-
ing the expectation that moral norms directly determine sustainable actions. This partial rejection of H1 underscores the 
enduring “attitude–behaviour gap” recorded in literature [84,87,88], wherein stated environmental values often fail to man-
ifest in tangible behaviour. This pattern is also consistent with prior NAM-based work showing that personal norms tend to 
be weaker predictors of relatively costly or operationally demanding pro-environmental behaviours than they are of more 
general intentions [89].

In conventional agricultural settings like olive oil production, this gap may be intensified by factors such as short-term 
financial priorities, path-dependent production habits, and limited social interaction. As noted by Bamberg and Möser [90], 
situational constraints, including access to resources, community engagement, and peer influence, can moderate the 
strength of personal norms. In this context, the limited activation of personal norms among millers could be attributed to 
the persistence of intergenerational habits and the lack of structured support systems.

A particularly relevant finding emerging from the model concerns the direct effect of Awareness of Consequences (AC) 
on observed behaviour (β = 0.197, p < 0.05), in a context where Personal Norms (PN) do not show a significant direct 

Table 5.  Path coefficients and standard errors (SE) related to the structural model.

Constructs Personal Norms (SE) Ascription of responsibility (SE) Pro-environmental behaviour (SE)

PN −0.111 (0.102)

AC 0.236 (0.079)*** 0.421 (0.082)*** 0.197 (0.096)**

AR 0.567 (0.063)***

Variables

Age −0.066 (0.096)

Education 0.211 (0.088)**

Years of activity 0.386 (0.095)***

Collaborators −0.097 (0.078)

Olive processed (t) 0.318 (0.191)*

Type of milling activity −0.225 (0.090)**

Wastes (mc) −0.174 (0.175)

Milling capacity (100 kg/h) −0.086 (0.087)

Costs (€/100 kg) 0.104 (0.099)

R square 0.481 0.170 0.221

p-values related to the path coefficients: * p < 0.1, ** p < 0.05, *** p < 0.01

https://doi.org/10.1371/journal.pone.0337025.t005
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effect. This pattern partially departs from the canonical Schwartz NAM, in which PN is expected to be the proximal driver 
of action, and AC and AR are supposed to operate only indirectly through the activation of personal norms. Rather than 
weakening the framework, this evidence suggests that NAM may need to be adapted when applied to small, family-run 
agri-food firms. In such contexts, AC appears to operate as a more directly action-oriented construct, because awareness 
of the environmental, sanitary and resource-related consequences of milling activities is closely tied to the operator’s 
sense of professional and managerial duty over the firm and its environmental footprint [14,30,37]. Olive oil millers who 
clearly perceive the negative externalities of their activity can translate this cognitive recognition into concrete CE prac-
tices without necessarily passing through more abstract moral norms, especially when normative activation is weakened 
by intergenerational habits, short-term economic pressures and limited peer interaction. This interpretation is consis-
tent with prior empirical evidence on farmers, showing that moral and social concerns operate as direct determinants 
of pro-environmental production choices alongside, and sometimes in place of, purely economic considerations [40]. 
Conversely, the non-significant role of PN reinforces the well-known attitude–behaviour gap [89] and signals that, in this 
entrepreneurial context, generic moral norms are insufficient to overcome structural and economic barriers.

Nevertheless, given the significant influence of Awareness of Consequences on circular behaviour, the NAM framework 
remains a valuable tool for explaining part of the behavioural variability observed among millers.

Beyond the NAM constructs, the analysis identifies socio-demographic and structural characteristics 
as significant determinants of CE engagement, in line with prior research on psycho-social drivers of pro-
environmental behaviour [26,39,90].

With regard to H3, the model confirms that socio-demographic characteristics significantly affect the adoption of CE 
practices among olive millers. Education level, in particular, shows a positive association with CE adoption [31; 40], 
suggesting that more educated entrepreneurs are more likely to recognise the long-term environmental and economic 
benefits of circular systems and to integrate sustainability into their managerial decision-making. Together with age, edu-
cation contributes to a richer cognitive and informational endowment that lowers the perceived barriers to CE engagement 
[43,44]. Overall, these results confirm H3 and indicate that knowledge, environmental literacy and individual cognitive 
resources operate as relevant psycho-social predictors of pro-environmental behaviour in the olive milling sector.

Regarding H4, firm-level characteristics also emerge as significant determinants of CE adoption. Years of activity 
constitute a significant positive predictor: while previous research has shown that mere experience does not invariably 
translate into higher environmental engagement [91], accumulated technical competence and operational know-how 
can reduce cognitive barriers and strengthen perceived self-efficacy, thus supporting the uptake of pro-environmental 
practices [92,93]. Firm size, captured through the total quantity of olives processed as an indirect proxy [18], is likewise 
positively associated with CE adoption, in line with prior evidence showing that larger enterprises are generally better 
equipped to pursue sustainability innovations thanks to greater financial, technical and human capital, which collectively 
reduce perceived implementation risks [37,94,95]. It should be noted, however, that the empirical literature on the role of 
firm size in environmentally friendly farming decisions is not univocal: studies in different agri-food contexts have reported 
negative or non-significant effects of firm size on the adoption of cleaner agricultural practices [33], suggesting that this 
relationship is context-specific and may depend on sector characteristics, governance structures and the type of practice 
considered. A particularly informative result concerns the type of milling activity, which exerts a significant negative effect 
on CE adoption (β = −0.225, p < 0.01). The variable distinguishes between mills that process the operator’s own olives 
(within-farm milling, code 1) and mills that work mainly or exclusively on a sub-contracting basis, processing olives that 
belong to external producers (code 2). The negative coefficient therefore indicates that sub-contracting mills, i.e., those 
operating predominantly as service providers for third-party olive growers, are markedly less likely to adopt CE practices 
than vertically integrated farm-mills.

Several complementary explanations can be advanced for this result. In sub-contracting mills the by-products 
generated during extraction (pomace, olive mill wastewater, husks) are processed at the mill but remain legally and 
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economically tied to multiple external clients, which weakens the mill's incentive to invest in dedicated valorisation path-
ways. The fragmentation of residue flows across many small client-producers further raises the transaction costs of any 
CE-oriented strategy [80,81]. By contrast, vertically integrated farm-mills manage the entire production process, from olive 
growing to bottling. This direct involvement increases their awareness of environmental consequences and their control 
over by-products, thus favouring CE adoption. The business model of sub-contracting mills is also more service-oriented, 
centred on milling volume and unit cost rather than on the long-term sustainability of the supply chain, which may further 
dampen their propensity to invest in circular solutions. These explanations are coherent with recent multi-case evidence 
on circular business models in the agri-food sector, which identifies supply-chain position, vertical integration and the con-
figuration of residue ownership among the most critical factors for the valorisation of agricultural by-products [25]. These 
findings support H4 and indicate that firm-level structural conditions are critical co-determinants of CE adoption, comple-
menting the moral activation captured by NAM, with sub-contracting mills emerging as a strategic but underserved node 
for the diffusion of CE practices.

The model offers empirical support for a hybrid explanatory framework, in which the internal motivations captured 
by NAM interact with external enabling factors, such as demographic and organizational attributes, to shape pro-
environmental outcomes. H2, H3 and H4 are fully supported, while H1 is only partially validated, since personal norms 
alone do not translate into observable behaviour without enabling conditions.

These results are consistent with the literature on psycho-social drivers of pro-environmental behaviour [26,39,90,96], 
which conceptualizes sustainable action as a product of both individual cognition and social context. In the Sicilian olive 
sector, where small-scale and family-run enterprises dominate, this means that internal moral activation must be comple-
mented by structural support systems, peer collaboration, and access to innovation resources.

5.  Conclusion

5.1.  Main outcomes

This study highlighted how the perception of environmental responsibility (Ascription of Responsibility) and awareness 
of environmental consequences (Awareness of Consequences) significantly affect the personal moral norms of olive oil 
millers, confirming the central role of these dimensions within the context of agricultural sustainability.

Indeed, the structural model suggests that the adoption of CE practices is influenced by both psychological and struc-
tural factors, although normative drivers do not directly translate into observable pro-environmental behaviour. These 
findings highlight a complex and non-linear link between moral intention and practical action within the sector.

Although normative dimensions remain important in shaping environmental responsibility, the implementation of 
CE practices in olive mills depends more strongly on operational, educational, and structural conditions. In particular, 
socio-demographic and firm-level characteristics, such as education level, work experience, company size, and type of 
milling activity, emerges as relevant predictors of the CE adoption, indicating that these factors substantially contribute to 
the behavioural variability observed among business owners.

5.2.  Implications

The adoption of circular economy (CE) practices in olive mills can enhance the valorisation of by-products, thereby 
improving firm profitability. At the same time, environmentally friendly practices are increasingly associated with consumer 
preferences, which may translate into greater market recognition and higher product value. Overall, millers perceive CE 
as a promising pathway for sectoral development; however, its wider diffusion depends on strengthening both awareness 
and structural conditions.

From a policy perspective, this calls for multi-level interventions that combine informational campaigns, technical assis-
tance, training, and financial incentives. The empirical results suggest that CE adoption should not rely solely on moral or 
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normative appeals. Although moral responsibility contributes to shaping environmental awareness, actual implementation 
is more strongly driven by educational attainment and structural conditions, with Awareness of Consequences emerging 
as a key determinant. Enhancing producers’ understanding of the environmental, economic, and operational benefits of 
waste valorisation can therefore act as a central lever for accelerating adoption.

In this regard, practical instruments such as demonstration projects, pilot initiatives, and managerial training programs 
can help translate awareness into operational change by illustrating the feasibility and profitability of CE technologies. 
Given the role of education, interventions should extend beyond current entrepreneurs to include universities, agricultural 
schools, and vocational training systems that shape future sector skills.

Structural characteristics such as firm size and milling typology further indicate that the transition to CE requires ade-
quate organisational and financial capacity. Entrepreneurial associations and sectoral networks can support this transition 
by facilitating knowledge exchange, collective investment, and advisory services, while CAP-related funds should be 
streamlined to reduce administrative barriers and better align with mills’ operational needs.

A more specific implication emerges with respect to milling typologies. Sub-contracting mills—processing olives for 
third-party producers—are significantly less likely to adopt CE practices than vertically integrated farm-mills. Policy 
interventions should therefore explicitly target the milling stage as a strategic node in the supply chain, not only olive 
producers. Measures may include training and technical assistance for mill operators, support for shared infrastructures to 
valorise by-products such as pomace, wastewater, and husks, and incentives for contractual arrangements that internalise 
by-product management responsibilities.

Accordingly, these findings also contribute to the CE literature by suggesting that, for agri-food entrepreneurs, the Norm 
Activation Model should be specified such that Awareness of Consequences (AC) operates not only indirectly through 
Ascription of Responsibility (AR) and Personal Norms (PN), but also directly on behaviour, particularly when the decision-
maker coincides with the firm owner, thereby reinforcing the empirical evidence that awareness-building and structural 
support jointly act as key levers in translating environmental cognition into observable pro-environmental behaviour.

5.3.  Limitations and future research

While this study provides useful information, certain limitations occurred and should be acknowledged to the readers. 
Firstly, the reliance on self-reported data could lead to bias, as the business owners may overstate or understate their 
engagement in CE practices due to social desirability or recall issues. Future prospective might therefore employ observa-
tional techniques or complementary data sources to better validate self-reported measures of behaviour.

Second, while this study highlights the importance of socio-demographic and structural characteristics in CE adoption, 
it does not fully account for the influence of external market dynamics, policy incentives, and financial constraints. Future 
research could examine how economic factors, regulatory frameworks, and access to funding shape the implementation 
of CE practices in agricultural systems.

Another limitation to consider is that the small sample size may lead to some instability in the estimates. However, 
this issue has been mitigated in this study by a sample size representing over 18% of the miller population, as 
well as by the use of a parsimonious model using PLS-SEM model, which is well suited to contexts with small 
populations.

Additionally, the study finds that the Norm Activation Model (NAM) partially explains pro-environmental behaviour 
regarding CE adoption. CE adoption was operationalised as a binary (dummy) outcome which may result in some loss of 
information but ensures greater parsimony of the model. To enrich this understanding, other behavioural frameworks, such 
as the Theory of Planned Behaviour (TPB) or the Value-Belief-Norm (VBN) theory, could be integrated with NAM to cap-
ture a broader array of psychological and motivational determinants. Future research could also extend this approach to 
additional agricultural sectors or conduct cross-country analyses to identify context-specific patterns and improve ‌‌external 
validity.



PLOS One | https://doi.org/10.1371/journal.pone.0337025  September 8, 2026 16 / 19

Moreover, examining the role of networks, partnerships, and knowledge-sharing platforms in facilitating CE transitions 
would provide practical insights for strengthening collaboration among business owners, policymakers, and researchers.

Author contributions

Conceptualization: Giuseppe Di Vita, Daniela Spina, Mario D’Amico, Raffaele Zanchini.

Data curation: Angelo Pulvirenti.

Formal analysis: Angelo Pulvirenti, Laura Giuffrida, Marcella Rizzo, Giacomo Falcone.

Funding acquisition: Mario D’Amico.

Investigation: Daniela Spina, Angelo Pulvirenti.

Methodology: Giuseppe Di Vita, Daniela Spina, Giacomo Falcone, Raffaele Zanchini.

Project administration: Mario D’Amico.

Software: Laura Giuffrida, Raffaele Zanchini.

Supervision: Giuseppe Di Vita, Giacomo Falcone, Mario D’Amico.

Validation: Marcella Rizzo, Mario D’Amico.

Visualization: Marcella Rizzo, Mario D’Amico.

Writing – original draft: Giuseppe Di Vita, Daniela Spina, Raffaele Zanchini.

Writing – review & editing: Giuseppe Di Vita, Daniela Spina.

References
	 1.	 Lieder M, Rashid A. Towards circular economy implementation: a comprehensive review in context of manufacturing industry. J Clean Prod. 

2016;115:36–51. 

	 2.	 Hamam M, Spina D, Raimondo M, Di Vita G, Zanchini R, Chinnici G, et al. Industrial symbiosis and agri-food system: Themes, links, and 
relationships. Front Sustain Food Syst. 2023;6. https://doi.org/10.3389/fsufs.2022.1012436 

	 3.	 Hartley K, van Santen R, Kirchherr J. Policies for transitioning towards a circular economy: expectations from the European Union (EU). Resour 
Conserv Recycl. 2020;155:104634. 

	 4.	 Domenech T, Bahn-Walkowiak B. Transition towards a resource efficient circular economy in Europe: policy lessons from the EU and the member 
states. Ecol Econ. 2019;155:7–19. 

	 5.	 Zucchella A, Previtali P. Circular business models for sustainable development: A “waste is food” restorative ecosystem. Bus Strat Env. 
2018;28(2):274–85. https://doi.org/10.1002/bse.2216 

	 6.	 Sharma YK, Mangla SK, Patil PP, Liu S. When challenges impede the process: for circular economy-driven sustainability practices in food supply 
chain. Manag Decis. 2019;57(4):995–1017. 

	 7.	 Donner M, Gohier R, de Vries H. A new circular business model typology for creating value from agro-waste. Sci Total Environ. 2020;716:137065. 
https://doi.org/10.1016/j.scitotenv.2020.137065 PMID: 32044489

	 8.	 Kirchherr J, Reike D, Hekkert M. Conceptualizing the circular economy: an analysis of 114 definitions. Resour Conserv Recycl. 2017;127:221–32. 

	 9.	 Geissdoerfer M, Pieroni M, Pigosso DCA, Soufani K. Circular business models: a review. J Clean Prod. 2020;277:123741. 

	10.	 de Jesus A, Mendonça S. Lost in transition? Drivers and barriers in the eco-innovation road to the circular economy. Ecol Econ. 2018;145:75–89. 

	11.	 Esposito B, Sessa MR, Sica D, Malandrino O. Towards Circular Economy in the Agri-Food Sector. A Systematic Literature Review. Sustainability. 
2020;12(18):7401. https://doi.org/10.3390/su12187401 

	12.	 Stempfle S, Carlucci D, de Gennaro BC, Roselli L, Giannoccaro G. Available Pathways for Operationalizing Circular Economy into the Olive Oil 
Supply Chain: Mapping Evidence from a Scoping Literature ‌‌Review. Sustainability. 2021;13(17):9789. https://doi.org/10.3390/su13179789 

	13.	 Spina D, Carbone R, Pulvirenti A, Rizzo M, D’Amico M, Di Vita G. What Gets Measured Gets Managed-Circular Economy Indicators for 
the Valorization of By-Products in the Olive Oil Supply Chain: A Systematic Review. Agronomy. 2024;14(12):2879. https://doi.org/10.3390/
agronomy14122879 

	14.	 D’Amico M, La Via G, Di Vita G, Peri I. Quality agro-food production in Sicily. Qual Access Success. 2011;12(125):56–64. 

	15.	 International Olive Council. Statistics. https://www.internationaloliveoil.org/what-we-do/statistics/ 2025. 

https://doi.org/10.3389/fsufs.2022.1012436
https://doi.org/10.1002/bse.2216
https://doi.org/10.1016/j.scitotenv.2020.137065
http://www.ncbi.nlm.nih.gov/pubmed/32044489
https://doi.org/10.3390/su12187401
https://doi.org/10.3390/su13179789
https://doi.org/10.3390/agronomy14122879
https://doi.org/10.3390/agronomy14122879
https://www.internationaloliveoil.org/what-we-do/statistics/


PLOS One | https://doi.org/10.1371/journal.pone.0337025  September 8, 2026 17 / 19

	16.	 Di Vita G, Strano A, Maesano G, La Via G, D’Amico M. The Role of Individual Knowledge in Functional Olive Oil Preferences: Does Self-
Coherence Lead to Different Health Attributes Perception?. Foods. 2020;9(10):1428. https://doi.org/10.3390/foods9101428 PMID: 33050230

	17.	 Hamam M, Di Vita G, Zanchini R, Spina D, Raimondo M, Pilato M, et al. Consumers’ Attitudes and Purchase Intention for a Vitamin-Enriched Extra 
Virgin Olive Oil. Nutrients. 2022;14(8):1658. https://doi.org/10.3390/nu14081658 PMID: 35458217

	18.	 Modica G, Pulvirenti A, Spina D, Bracco S, D’Amico M, Di Vita G. Clustering olive oil mills through a spatial and economic GIS-based approach. 
Clean Environ Syst. 2024;14:100207. 

	19.	 Spina D, Borrello M, Selvaggi R, Chinnici G, Hamam M, Cembalo L. Transitioning towards a circular economy agri-food model: strategies to move 
from goals to objectives in the olive oil sector. J Clean Prod. 2025;520:146130. 

	20.	 Camilleri MA. European environment policy for the circular economy: implications for business and industry stakeholders. Sustain Dev. 
2020;28(6):1804–12. 

	21.	 Silvestri L, Forcina A, Di Bona G, Silvestri C. Circular economy strategy of reusing olive mill wastewater in the ceramic industry: how the plant 
location can benefit environmental and economic performance. J Clean Prod. 2021;326:129388. 

	22.	 Donner M, Radić I. Innovative Circular Business Models in the Olive Oil Sector for Sustainable Mediterranean Agrifood Systems. Sustainability. 
2021;13(5):2588. https://doi.org/10.3390/su13052588 

	23.	 Donner M, Erraach Y, López-I-Gelats F, Manuel-I-Martin J, Yatribi T, Radić I, et al. Circular bioeconomy for olive oil waste and by-product 
valorisation: Actors’ strategies and conditions in the Mediterranean area. J Environ Manage. 2022;321:115836. https://doi.org/10.1016/j.
jenvman.2022.115836 PMID: 35994966

	24.	 Berbel J, Posadillo A. Review and Analysis of Alternatives for the Valorisation of Agro-Industrial Olive Oil By-Products. Sustainability. 
2018;10(1):237. https://doi.org/10.3390/su10010237 

	25.	 Donner M, Verniquet A, Broeze J, Kayser K, De Vries H. Critical success and risk factors for circular business models valorising agricultural waste 
and by-products. Resour Conserv Recycl. 2021;165:105236. 

	26.	 Klöckner CA. A comprehensive model of the psychology of environmental behaviour—A meta-analysis. Global Environmental Change. 
2013;23(5):1028–38. https://doi.org/10.1016/j.gloenvcha.2013.05.014 

	27.	 De Groot JIM, Steg L. Morality and prosocial behavior: the role of awareness, responsibility, and norms in the norm activation model. J Soc 
Psychol. 2009;149(4):425–49. https://doi.org/10.3200/SOCP.149.4.425-449 PMID: 19702104

	28.	 Burke J, Running K. Role identities and pro-environmental behaviour among farmers. Hum Ecol Rev. 2019;25(1):3–22. 

	29.	 Savari M, Damaneh HE, Damaneh HE, Cotton M. Integrating the norm activation model and theory of planned behaviour to investigate farmer pro-
environmental behavioural intention. Sci Rep. 2023;13(1):5584. https://doi.org/10.1038/s41598-023-32831-x PMID: 37020135

	30.	 Di Vita G, Chinnici G, D’Amico M. Sustainability of olive oil production in Sicilian marginal agricultural areas. Qual Access Success. 2015;16. 

	31.	 Spina D, Caracciolo F, Chinnici G, Di Vita G, Selvaggi R, Pappalardo G. How do farmers plan to safeguard the environment? Empirical evidence 
on farmers’ intentions to adopt organic pest management practices. J Environ Plan Manag. 2024;67(13):3118–38. 

	32.	 Selvaggi R, Zanchini R, Zarbà C, Pecorino B, Pappalardo G. Simultaneous evaluation of dairy farmers’ behaviour and intention to adopt 
technological devices. Aestimum. 2024;84:3–17. https://doi.org/10.36253/aestim-15362 

	33.	 Despotović J, Rodić V, Caracciolo F. Factors affecting farmers’ adoption of integrated pest management in Serbia: An application of the theory of 
planned behaviour. J Clean Prod. 2019;228:1196–205. 

	34.	 Schwartz SH. Normative influences on altruism. Adv Exp Soc Psychol. 1977;10:221–79. 

	35.	 Raimondo M, Spina D, Chinnici G, Di Vita G, D’Amico M, Caracciolo F. Motivation and opportunity may drive Tunisian farmers to reduce chemical 
pesticides in horticulture. Outlook Agric. 2024;53(3):242–52. 

	36.	 Raimondo M, Spina D, Hamam M, D’Amico M, Caracciolo F. Intrinsic motivation strongly affects the readiness toward circular food consumption: 
evidence from the motivation–opportunity–ability model. Br Food J. 2024;126(2):715–37. 

	37.	 Di Vita G, D’Amico M, Bracco S. Economic performances of smallholders PDO viticulture in Eastern Sicily. Qual Access Success. 2013;14:99–105. 

	38.	 Di Vita G, Chinnici G, Pappalardo G, D’Amico M, Bracco S. Standard output versus standard gross margin, a new paradigm in the EU 
farm economic typology: what are the implications for wine-grape growers?. Journal of Wine Research. 2014;25(4):229–42. https://doi.
org/10.1080/09571264.2014.959660 

	39.	 Savari M, Zhoolideh M, Khosravipour B. Explaining pro-environmental behaviour of farmers: a case of rural Iran. Curr Psychol. 2021. 

	40.	 Mzoughi N. Farmers adoption of integrated crop protection and organic farming: Do moral and social concerns matter?. Ecological Economics. 
2011;70(8):1536–45. https://doi.org/10.1016/j.ecolecon.2011.03.016 

	41.	 Liu Y, Sheng H, Mundorf N, Redding C, Ye Y. Integrating Norm Activation Model and Theory of Planned Behavior to Understand Sustainable 
Transport Behavior: Evidence from China. Int J Environ Res Public Health. 2017;14(12):1593. https://doi.org/10.3390/ijerph14121593 PMID: 
29258245

	42.	 Han H, Hwang J, Kim J, Jung H. Guests’ pro-environmental decision-making process: broadening the norm activation framework in a lodging 
context. Int J Hosp Manag. 2015;47. 

	43.	 Sarmin S, Shahin A, Hasan MdF. Influence of socio-demographic and psychological factors on shaping farmers’ pro-environmental behavior in 
Dinajpur, Bangladesh. Asia-Pac J Reg Sci. 2024;8(4):1017–49. https://doi.org/10.1007/s41685-024-00351-9 

https://doi.org/10.3390/foods9101428
http://www.ncbi.nlm.nih.gov/pubmed/33050230
https://doi.org/10.3390/nu14081658
http://www.ncbi.nlm.nih.gov/pubmed/35458217
https://doi.org/10.3390/su13052588
https://doi.org/10.1016/j.jenvman.2022.115836
https://doi.org/10.1016/j.jenvman.2022.115836
http://www.ncbi.nlm.nih.gov/pubmed/35994966
https://doi.org/10.3390/su10010237
https://doi.org/10.1016/j.gloenvcha.2013.05.014
https://doi.org/10.3200/SOCP.149.4.425-449
http://www.ncbi.nlm.nih.gov/pubmed/19702104
https://doi.org/10.1038/s41598-023-32831-x
http://www.ncbi.nlm.nih.gov/pubmed/37020135
https://doi.org/10.36253/aestim-15362
https://doi.org/10.1080/09571264.2014.959660
https://doi.org/10.1080/09571264.2014.959660
https://doi.org/10.1016/j.ecolecon.2011.03.016
https://doi.org/10.3390/ijerph14121593
http://www.ncbi.nlm.nih.gov/pubmed/29258245
https://doi.org/10.1007/s41685-024-00351-9


PLOS One | https://doi.org/10.1371/journal.pone.0337025  September 8, 2026 18 / 19

	44.	 Gholamrezai S, Aliabadi V, Ataei P. Understanding the pro-environmental behaviour among green poultry farmers: application of behavioural 
theories. Environ Dev Sustain. 2021. 

	45.	 Bloise C. Collaboration in a circular economy: learning from the farmers to reduce food waste. J Enterp Inf Manag. 2020;33(4):769–89. 

	46.	 de Lauwere C, Slegers M, Meeusen M. The influence of behavioural factors and external conditions on Dutch farmers’ decision making in the 
transition towards circular agriculture. Land Use Policy. 2022;120:106253. https://doi.org/10.1016/j.landusepol.2022.106253 

	47.	 Ouro‐Salim O, Guarnieri P. Drivers and barriers in the institutionalisation of circular economy practices in food supply chains: A review. Bus Strat 
Dev. 2023;6(4):764–84. https://doi.org/10.1002/bsd2.276 

	48.	 Zeweld W, Van Huylenbroeck G, Tesfay G, Speelman S. Smallholder farmers’ behavioural intentions towards sustainable agricultural practices. J 
Environ Manage. 2017;187:71–81. https://doi.org/10.1016/j.jenvman.2016.11.014 PMID: 27883941

	49.	 Liu T, Bruins RJF, Heberling MT. Factors Influencing Farmers’ Adoption of Best Management Practices: A Review and Synthesis. Sustainability. 
2018;10(2):432. https://doi.org/10.3390/su10020432 PMID: 29682334

	50.	 Serebrennikov D, Thorne F, Kallas Z, McCarthy SN. Factors Influencing Adoption of Sustainable Farming Practices in Europe: A Systemic Review 
of Empirical Literature. Sustainability. 2020;12(22):9719. https://doi.org/10.3390/su12229719 

	51.	 Mazenda A, Obi A, Kisaka-Lwayo M, Antwi M. Climate change risks and climate adaptation in agro-processing enterprises. Clim Resil Sustain. 
2026;5(1):e70030. 

	52.	 Wiseman L, Sanderson J, Zhang A, Jakku E. Farmers and their data: An examination of farmers’ reluctance to share their data through the lens of 
the laws impacting smart farming. NJAS-Wageningen Journal of Life Sciences. 2019;90:100301. 

	53.	 Regione S. Il settore olivicolo-oleario. Osservatorio Viti-vinicolo ed Olivicolo-Oleario. 2024. https://www.irvos.it/wp-content/uploads/2025/10/Olio-
sintetico.pdf 

	54.	 Raosoft, Inc. Raosoft sample size calculator. http://www.raosoft.com/samplesize.html Accessed 2025 January. 

	55.	 Michels M, Bonke V, Wever H, Musshoff O. Understanding farmers’ intention to buy alternative fuel tractors in German agriculture applying the 
Unified Theory of Acceptance and Use of Technology. Technological Forecasting and Social Change. 2024;203:123360. https://doi.org/10.1016/j.
techfore.2024.123360 

	56.	 Yangchen P, Voelker M, Punpuing S, Tangcharoensathien V. Pro-environmental behavior (PEB) across different demographic compositions of the 
Bhutanese population. J Environ Stud Sci. 2024;15(2):330–41. https://doi.org/10.1007/s13412-024-00950-0 

	57.	 Nguyen GTT, Nguyen HG. Extended theory of planned behavior and demographics in household food waste reduction: Evidence from Vietnam. 
Cleaner Waste Systems. 2025;12:100349. https://doi.org/10.1016/j.clwas.2025.100349 

	58.	 Rezaei R, Safa L, Damalas CA, Ganjkhanloo MM. Drivers of farmers’ intention to use integrated pest management: Integrating theory of planned 
behavior and norm activation model. J Environ Manage. 2019;236:328–39. https://doi.org/10.1016/j.jenvman.2019.01.097 PMID: 30738304

	59.	 Stern PC. Toward a coherent theory of environmentally significant behaviour. J Soc Issues. 2000;56(3):407–24. 

	60.	 Carrizosa E, Galvis Restrepo M, Romero Morales D. On clustering categories of categorical predictors in generalized linear models. Expert 
Systems with Applications. 2021;182:115245. https://doi.org/10.1016/j.eswa.2021.115245 

	61.	 Ringle CM, Sarstedt M, Mitchell R, Gudergan SP. Partial least squares structural equation modeling in HRM research. Int J Hum Resour Manag. 
2020;31(12). 

	62.	 Sarstedt M, Radomir L, Moisescu OI, Ringle CM. Latent class analysis in PLS-SEM: a review and recommendations for future applications. J Bus 
Res. 2022;138:398–407. 

	63.	 Hair JF, Risher JJ, Sarstedt M, Ringle CM. When to use and how to report the results of PLS-SEM. Eur Bus Rev. 2019;31(1):2–24. 

	64.	 Venturini S, Mehmetoglu M. Plssem: a Stata package for structural equation modeling with partial least squares. J Stat Softw. 2019;88:1–35. 

	65.	 Kock N. Should bootstrapping be used in PLS-SEM? Toward stable p-value calculation methods. J Appl Struct Equ Model. 2018;2(1):1–12. 

	66.	 Hair JF, Ringle CM, Sarstedt M. PLS-SEM: Indeed a Silver Bullet. Journal of Marketing Theory and Practice. 2011;19(2):139–52. https://doi.
org/10.2753/mtp1069-6679190202 

	67.	 Méndez-Suárez M. Marketing Mix Modeling Using PLS-SEM, Bootstrapping the Model Coefficients. Mathematics. 2021;9(15):1832. https://doi.
org/10.3390/math9151832 

	68.	 do Valle PO, Assaker G. Using partial least squares structural equation modeling in tourism research: a review of past research and 
recommendations for future applications. J Travel Res. 2016;55(6):695–708. 

	69.	 Reinartz W, Haenlein M, Henseler J. An empirical comparison of the efficacy of covariance-based and variance-based SEM. Int J Res Mark. 
2009;26(4):332–44. 

	70.	 Hair JF Jr, Ringle CM, Sarstedt M. Partial Least Squares Structural Equation Modeling: Rigorous Applications, Better Results and Higher 
Acceptance. Long Range Planning. 2013;46(1–2):1–12. https://doi.org/10.1016/j.lrp.2013.01.001 

	71.	 Sarstedt M, Ringle CM, Cheah JH, Ting H, Moisescu OI, Radomir L. Structural model robustness checks in PLS-SEM. Tour Econ. 
2020;26(4):531–54. 

	72.	 Mohammed M, Shafiq N, Elmansoury A, Al-Mekhlafi A-BA, Rached EF, Zawawi NA, et al. Modeling of 3R (Reduce, Reuse and Recycle) for 
Sustainable Construction Waste Reduction: A Partial Least Squares Structural Equation Modeling (PLS-SEM). Sustainability. 2021;13(19):10660. 
https://doi.org/10.3390/su131910660 

https://doi.org/10.1016/j.landusepol.2022.106253
https://doi.org/10.1002/bsd2.276
https://doi.org/10.1016/j.jenvman.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27883941
https://doi.org/10.3390/su10020432
http://www.ncbi.nlm.nih.gov/pubmed/29682334
https://doi.org/10.3390/su12229719
https://www.irvos.it/wp-content/uploads/2025/10/Olio-sintetico.pdf
https://www.irvos.it/wp-content/uploads/2025/10/Olio-sintetico.pdf
http://www.raosoft.com/samplesize.html
https://doi.org/10.1016/j.techfore.2024.123360
https://doi.org/10.1016/j.techfore.2024.123360
https://doi.org/10.1007/s13412-024-00950-0
https://doi.org/10.1016/j.clwas.2025.100349
https://doi.org/10.1016/j.jenvman.2019.01.097
http://www.ncbi.nlm.nih.gov/pubmed/30738304
https://doi.org/10.1016/j.eswa.2021.115245
https://doi.org/10.2753/mtp1069-6679190202
https://doi.org/10.2753/mtp1069-6679190202
https://doi.org/10.3390/math9151832
https://doi.org/10.3390/math9151832
https://doi.org/10.1016/j.lrp.2013.01.001
https://doi.org/10.3390/su131910660


PLOS One | https://doi.org/10.1371/journal.pone.0337025  September 8, 2026 19 / 19

	73.	 Cheah JH, Sarstedt M, Ringle CM, Ramayah T, Ting H. Convergent validity assessment of formatively measured constructs in PLS-SEM: 
On using single-item versus multi-item measures in redundancy analyses. International Journal of Contemporary Hospitality Management. 
2018;30(11):3192–210. 

	74.	 Hamam M, Lähteenmäki L, Spina D, Pergamo R, D’Amico M, Di Vita G. Exploring the buzz: The mediating role of entomophagy attitudes among 
younger generations towards pork from pigs fed with insect flour. Food Quality and Preference. 2025;127:105469. https://doi.org/10.1016/j.
foodqual.2025.105469 

	75.	 Shela V, Ramayah T, Aravindan KL, Ahmad NH, Alzahrani AI. Run! This road has no ending! A systematic review of PLS-SEM application in 
strategic management research among developing nations. Heliyon. 2023;9(12):e22476. https://doi.org/10.1016/j.heliyon.2023.e22476 PMID: 
38125546

	76.	 Lanfranchi M, De Pascale A, Zanchini R, Lanfranchi G, Giannetto C, Di Vita G. Beyond convenience: exploring factors influencing online food 
delivery services adoption and willingness to pay. J Foodserv Bus Res. 2025;29(4):819–48. 

	77.	 Hoelterhoff M, Chung MC. Self-Efficacy as an Agentic Protective Factor against Death Anxiety in PTSD and Psychiatric Co-Morbidity. Psychiatr Q. 
2020;91(1):165–81. https://doi.org/10.1007/s11126-019-09694-5 PMID: 31802409

	78.	 Jalotjot HC, Tokuda H. Exploring smallholder farmers’ open innovation capability: A structural equation modeling approach. Journal of Open 
Innovation: Technology, Market, and Complexity. 2024;10(2):100305. https://doi.org/10.1016/j.joitmc.2024.100305 

	79.	 Mirabella C, Borsellino V, Galati A, Schimmenti E, Caracciolo F. Value‐belief and value‐identity norms in ethical food consumption: investigating the 
influence of worker‐friendly labels in Italy. Corp Soc Responsib Environ Manag. 2025;32(2):2582–97. 

	80.	 Lanfranchi M, Giannetto C, De Pascale A. Economic analysis and energy valorization of by-products of the olive oil process: “Valdemone DOP” 
extra virgin olive oil. Renewable and Sustainable Energy Reviews. 2016;57:1227–36. https://doi.org/10.1016/j.rser.2015.12.196 

	81.	 Enaime G, Dababat S, Wichern M, Lübken M. Olive mill wastes: from wastes to resources. Environ Sci Pollut Res Int. 2024;31(14):20853–80. 
https://doi.org/10.1007/s11356-024-32468-x PMID: 38407704

	82.	 Van Hoang D, Le Thanh T. Relationship between environmental concern, green perceived value and green purchase behaviour: the moderating 
role of price consciousness. Organ Mark Emerg Econ. 2024;15(2):248–87. 

	83.	 Sarma PK, Alam MJ, Rabbani G, Begum IA, Ahmed JU, McKenzie AM. Farmers’ behavioural intentions to adopt livestock interventions for food 
security: a theory of planned behaviour approach. Discov Sustain. 2025;6(1):190. 

	84.	 Kollmuss A, Agyeman J. Mind the Gap: Why do people act environmentally and what are the barriers to pro-environmental behavior?. 
Environmental Education Research. 2002;8(3):239–60. https://doi.org/10.1080/13504620220145401 

	85.	 Hansla A, Gamble A, Juliusson A, Gärling T. The relationships between awareness of consequences, environmental concern, and value 
orientations. J Environ Psychol. 2008;28(1):1–9. 

	86.	 Steg L, Bolderdijk JW, Keizer K, Perlaviciute G. An integrated framework for encouraging pro-environmental behaviour: the role of values, 
situational factors and goals. J Environ Psychol. 2014;38:104–15. 

	87.	 Munro P, Kapitan S, Wooliscroft B. The sustainable attitude-behaviour gap dynamic when shopping at the supermarket: a systematic literature 
review and framework for future research. J Clean Prod. 2023;426:138740. 

	88.	 White K, Habib R, Hardisty DJ. How to SHIFT consumer behaviours to be more sustainable: a literature review and guiding framework. J Mark. 
2019;83(3):22–49. 

	89.	 van der Werff E, Steg L. One model to predict them all: Predicting energy behaviours with the norm activation model. Energy Research & Social 
Science. 2015;6:8–14. https://doi.org/10.1016/j.erss.2014.11.002 

	90.	 Bamberg S, Möser G. Twenty years after Hines, Hungerford, and Tomera: a new meta-analysis of psycho-social determinants of pro-environmental 
behaviour. J Environ Psychol. 2007;27(1):14–25. 

	91.	 Atari DOA, Yiridoe EK, Smale S, Duinker PN. What motivates farmers to participate in the Nova Scotia environmental farm plan program? 
Evidence and environmental policy implications. J Environ Manage. 2009;90(2):1269–79. https://doi.org/10.1016/j.jenvman.2008.07.006 PMID: 
18790558

	92.	 Jongeneel RA, Polman NB, Slangen LH. Why are Dutch farmers going multifunctional?. Land Use Policy. 2008;25(1):81–94. 

	93.	 Läpple D. Adoption and abandonment of organic farming: an empirical investigation of the Irish drystock sector. J Agric Econ. 2010;61(3):697–714. 

	94.	 Läpple D, Kelley H. Understanding the uptake of organic farming: accounting for heterogeneities among Irish farmers. Ecol Econ. 2013;88:11–9. 

	95.	 Pannell DJ, Marshall GR, Barr N, Curtis A, Vanclay F, Wilkinson R. Understanding and promoting adoption of conservation practices by rural 
landholders. Aust J Exp Agric. 2006;46(11):1407–24. 

	96.	 Spina D, Hamam M, Morreale V, La Via G, Di Vita G. Beliefs versus environmental awareness: an extension of the theory of planned behavior to 
explore young consumers’ intentions toward insect flour-based pasta. Food Quality and Preference. 2026;141:105896. https://doi.org/10.1016/j.
foodqual.2026.105896 

https://doi.org/10.1016/j.foodqual.2025.105469
https://doi.org/10.1016/j.foodqual.2025.105469
https://doi.org/10.1016/j.heliyon.2023.e22476
http://www.ncbi.nlm.nih.gov/pubmed/38125546
https://doi.org/10.1007/s11126-019-09694-5
http://www.ncbi.nlm.nih.gov/pubmed/31802409
https://doi.org/10.1016/j.joitmc.2024.100305
https://doi.org/10.1016/j.rser.2015.12.196
https://doi.org/10.1007/s11356-024-32468-x
http://www.ncbi.nlm.nih.gov/pubmed/38407704
https://doi.org/10.1080/13504620220145401
https://doi.org/10.1016/j.erss.2014.11.002
https://doi.org/10.1016/j.jenvman.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18790558
https://doi.org/10.1016/j.foodqual.2026.105896
https://doi.org/10.1016/j.foodqual.2026.105896

	Make the most of what you have! Exploring circularity practices adoption in olive milling through the norm activation model
	1. Introduction
	2. Conceptual background: Objective and hypotheses
	3. Methodology
	3.1. Data collection
	3.2. The norm activation model
	3.3. Data analysis

	4. Results and discussion
	5. Conclusion
	5.1. Main outcomes
	5.2. Implications
	5.3. Limitations and future research

	References


