
Does the Integration of Lean Production and Industry 4.0 in Green Supply Chains Generate a Better Operational Performance?
Abstract
Purpose – The tightening of environmental measures and policies in various countries around the world is forcing manufacturing companies, particularly those that make up the automotive industry, to improve their production processes, through the implementation of approaches such as lean production and industry 4.0 technologies, to reduce industrial waste. However, the literature indicates that the implementation of lean production and Industry 4.0 does not always lead to an improvement in the level of operational performance. Therefore, this study analyzes the effects of the implementation of lean production practices and Industry 4.0 on a green supply chain and the operational performance of manufacturing companies in the Mexican automotive industry. 
Methodology/design/approach - A theoretical research framework consisting of six hypotheses was developed and validated by applying PLS-SEM and using a sample of 460 companies from the Mexican automotive industry. 
Findings - The results show that the level of operational performance of manufacturing companies increases substantially with the implementation of lean production and industry 4.0 practices, as well as a green supply chain. 
Originality/value - This study contributes to the literature on lean production and Industry 4.0 by providing robust empirical evidence of the positive effects of implementing these approaches on the green supply chain and operational performance of manufacturing companies. 

Practical implications - Managers of manufacturing companies will be able to use the results of this study to improve their production systems and to demonstrate the effects of these practices on operational performance.
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1. INTRODUCTION
Manufacturing firms are facing increasing pressure to be profitable while at the same being environmentally sustainable (Chen et al., 2023) by improving environmental performance through the integration of new technologies as well as re-evaluating their production processes (European Commission, 2021). However, for many companies, this is a challenging task as it is difficult to standardize production times, reduce costs, and improve productivity (Dombrowski et al., 2017; Ku et al., 2020). To reduce this problem, more manufacturing firms are incorporating lean production (LP) in the context of industry 4.0 (I4.0) (Fiorello et al., 2023), particularly because both concepts not only generate benefits (Langlotz & Aurich, 2021) but also, when they are implemented simultaneously in the context of green supply chains (GSC), increase the efficiency of production systems (Prinz et al., 2018; Dombrowski & Richter, 2018), and operational performance (OP) (De Giovanni & Cariola, 2021).
However, the literature suggests that LP is a precondition for the successful implementation of I4.0 in manufacturing firms (e.g. Wang et al., 2016; Ketteler & König, 2017), whereas other authors consider that I4.0 substantially improves LP (e.g. Kamble et al., 2019; Shahin et al., 2020). Nevertheless, very little has been dedicated to exploring the LP-I4.0-GSC relationship (Edirisuriya et al., 2018; Ejsmont et al., 2020). However, the correlation between LP and I4.0 is contradictory in the literature (Vogel-Heuser et al., 2016), with some studies indicating a positive (Seifermann et al., 2014) while others suggest a negative relationship (Enke et al., 2017). Thus, it is possible to establish that the relationship between LP and I4.0 can still be considered inconclusive and open to debate (Langlotz & Aurich, 2021), particularly when this is considered within the context of GSC (De Giovanni & Cariola, 2021). 
To address this gap and inconsistency in the literature, the objective of this study is the analysis and discussion of LP and I4.0 in the context of GSC and its impact on OP of manufacturing firms. To achieve this objective, an empirical study was carried out in manufacturing firms of the automotive industry in Mexico, using a sample of 460 observations and estimating the proposed theoretical research framework through Partial Least Squares Structural Equation Modeling (PLS-SEM) with the use of SmartPLS 4 software (Ringle et al., 2022). The analysis of the Mexican automotive industry is interesting for two essential reasons, i.e. its economic importance for the country and its strategic interest in becoming more environmentally sustainable. This phenomenon is applicable not only to the Mexican automotive sector but to the car industry from all over the world. In regards to its economic importance in Mexico, the automotive industry represents more than 4% of the national GDP and more than 20.5% of the manufacturing GDP of Mexico. This sector also generates 600,000 direct and indirect jobs, more than any other sector of the Mexican economy. Moreover, Mexico is the 6th largest vehicle-producer country in the world, producing around 3.31 million vehicles in 2022, of which 2.86 million were exported to various countries around the world (INEGI, 2023). On the other hand, the automotive sector is the industry that has the most interest in reducing the energy consumption of the vehicles it produces, and that is generated by a higher level of contamination (Farkavcova et al., 2018).

Additionally, according to García-Buendia et al. (2023), there is an urgent need to develop a holistic analysis and evaluation approach to the integration of LP and I4.0, in a GSC context, to promote the implementation of this model in an OP context. Therefore, the main contribution of this study is to help understand the state of knowledge, as well as to address and overcome the challenges of the connection between LP-I4.0-GSC, through the contribution of robust empirical evidence that addresses the inconsistencies in the results of empirical studies previously published in the literature. Also, the results have significant implications for manufacturing firms, public administration, and industry managers as they will allow them to formulate more effective strategies to support the implementation of both LP and I4.0 while enhancing GSC and operational performance.
2. LITERATURE REVIEW
2.1. Lean Production and Operational Performance
Despite the literature on LP is prolific and much has been studied on its application (Tortorella et al., 2021c), and the popularity of LP in the scientific and academic community, the positive effects of LP on OP have not yet been fully proven in the literature (De Giovanni & Cariola, 2021). While some authors have found a positive relationship between both concepts (e.g. Callen et al., 2000; Kinney & Wempe, 2002; Fullerton et al., 2003), other authors have found a negative relationship (e.g. Huson & Nanda, 1995; Balakrishnan et al., 1996; Ahmed et al., 2004). This has led researchers to explore different LP facets to better understand what its application entails (Grigg et al., 2020). Thus, the relationship between LP-OP can still be considered inconclusive and not clear, particularly within the context of manufacturing firms (Langlotz & Aurich, 2021; De Giovanni & Cariola, 2021). 
However, several commonalities are found in previous studies that suggest that socio-technical lean principles are relevant resources to improve OP in manufacturing firms (e.g. Kumar et al., 2018; Coetze et al., 2019; Tortorella et al., 2021a). In this line, Tortorella et al. (2021c) and De Giovani and Cariola (2021) showed that the application of LP can also generate a substantial improvement in the efficiency of production processes and, consequently, a significant positive impact on costs, profit margins and sales, as well as on OP of manufacturing firms (De Giovanni & Cariola, 2021). Thus, considering the information presented above, it is possible to propose the following research hypothesis.
H1: The greater the implementation of lean production, the better the operational performance
2.2. Lean Production and Industry 4.0
Although the integration between LP and I4.0 has been widely studied in the literature (e.g. Tortorella & Fettermann, 2018; Silvestri et al., 2022), this relationship still exists is not very clear to the scientific and academic community (Langlotz et al., 2021), even though it has been considered in the literature that the effective implementation of I4.0 depends on the adoption of LP and, consequently, the growth, results and performance of companies is closely related to this integration (Silvestri et al., 2022). In order to provide evidence in favor of the relationship between LP and I4.0, Ciano et al. (2021), through various case studies and found that LP has a significant positive effect on I4.0, while Cifone et al. (2021) analyzed the relationship between these two same concepts, finding that manufacturing firms that implemented LP achieved greater effectiveness in improving I4.0 activities.
However, according to Dahmani et al. (2021) the firms that implemented LP and I4.0, allowed them not only the possibility of implementing strategies for the development of sustainable products but also greater effectiveness of I4.0 tools. Rahman et al. (2021) also found a significant positive relationship between LP and I4.0, while Tortorella et al. (2021a), analyzed the integration between LP and I4.0 in a sample of 147 manufacturing firms, finding a positive relationship between both concepts. Finally, according to Saraswat et al. (2021), the adoption of LP and I4.0, generates twelve key success factors in small and medium-sized manufacturing firms. Thus, considering the information presented above, it is possible to propose the following research hypothesis.
H2: The greater implementation of lean production, the greater the implementation of Industry 4.0
2.3. Industry 4.0 and Operational Performance
Research on I4.0 has been intense in the past few years (Rader, 2019; Oztemel & Gursev, 2020), particularly motivated by the envisioned competitive advantages derived from I4.0 new digital technologies (Borstnar & Pucihar, 2021), thereby generating significant positive impact on OP (Tortorella et al., 2021b). However, the integration of Industry 4.0 into existing production systems in manufacturing firms, and how it can improve OP, is still under investigation in the literature (Kolberg et al., 2016; Tortorella et al., 2021). This is because the relationship between I4.0 and OP has provided contradictory empirical evidence in the literature (Erol et al., 2016; Sanders et al., 2016; Schumacher et al., 2016), which requires future studies to provide robust empirical evidence (Tortorella et al., 2021b).
However, according to Buer et al. (2020) in manufacturing firms that have a high level in the implementation of LP, digitalization and I4.0 technology generated greater OP, there is a consensus in the literature that the adoption of the big tool I4.0 data generates a significant positive influence on OP (Fuglsang et al., 2022). For their part, Maroufkhani and Tseng (2020) found that the implementation of big data as part of the I4.0 tools generated a positive influence both on financial and market performance, as well as on OP. Similar results were obtained by Kotarba (2017), who considered that the benefits of the digitization of I4.0 are generally found at the level of OP of manufacturing firms. Thus, considering the information presented in the previous paragraphs, it is possible to propose the following research hypothesis.
H3: The greater the implementation of Industry 4.0, the higher level of operational performance.
2.4. Lean Production and Green Supply Chain
Balancing economic benefits while increasing green practices has become more important to manufacturing companies to address several issues and pressures (Hebaz et al., 2022). Therefore, lean and green initiatives have been mainly recommended in the literature (De Giovanni & Cariola, 2021). Thus, it is not surprising that the lean and green literature is connected in various aspects such as service level and delivery time reduction (Dües et al., 2013), as well as with the supply chain (De Giovanni & Cariola, 2021). However, empirical and theoretical results of the relationship between LP-GSC vary from positive to negative outcomes, resulting in an ambiguous and paradoxical conclusion (Rodríguez et al., 2020; Ait Hammou et al., 2022). Therefore, the relationship between LP-GSC can still be considered inconclusive (Hebaz et al., 2022). 
Additionally, most of the studies published in the environmental management literature have provided evidence of the importance of implementing LP in GSC (e.g. Theyel, 2000; Rao & Holt, 2005; From Giovanni & Vinzi, 2014a, b; From Giovanni, 2016). In a recent study conducted in the fast-moving consumer goods industry, Colicchia et al. (2017) found these same results by confirming that LP allows companies to improve the performance of GSC, for which it is possible to establish that LP can be considered as a prerequisite to convince the company all supply chain partners to collaborate with green programs to generate a GSC (De Giovanni & Cariola, 2021). In this sense, it is possible to establish that LP has a significant positive impact on GSC in manufacturing firms (Ruiz-Benítez et al., 2018). Thus, considering the information presented in the previous paragraphs, it is possible to propose the following research hypothesis.
H4: The greater the implementation of lean production, the higher the level of the green supply chain
2.5. Industry 4.0 and Green Supply Chain

Traditionally, I4.0 is adopted by manufacturing firms to optimize intra-company flows and enhance inter-organizational integration across GSCs (Birkel & Hartmann, 2019; Chiarini et al., 2020), which allows for improving GSC (Ghadge et al., 2022). However, the literature presents studies discussing the interplay between I4.0 and GSC, but the topic is still in the novelty phase (Núñez-Marino et al., 2020). Moreover, the literature has presented different perspectives of analysis, which do not support the structure of such a relationship, thereby creating chaos on the value of the interplay (Rossini et al., 2023). Therefore, future studies must provide robust empirical evidence of the relationship between I4.0-GSC (Ghadge et al., 2022; Rossini et al., 2023). However, in the literature, only a few studies have focused on some of the I4.0 in GSC, such as digitization in GSC (Büyüközkan & Göçer, 2018; Seyedghorban et al., 2020), and the adoption of the principles of I4.0 in the context of the GSC (Tiwari, 2020; Abdirad & Krishnan, 2021).

Recent studies have analyzed the adoption of I4.0 and its impact on GSC (e.g. Stentoft et al., 2020; Fatorachian & Kazemi, 2021), through the development of maturity models (Wagire et al., 2021) and the critical factors for success in its implementation (e.g. Calabrese et al., 2020; Sony & Naik, 2020). Additionally, although evidence has been provided in the literature of the benefits generated by the relationship between I4.0 and GSC (Liu et al., 2020), and that I4.0 also involve the GSC as a whole (Abdirad & Krishnan, 2021; De Oliveira-Dias et al., 2022), more studies are needed to provide empirical evidence of the relationship between I4.0-GSC (Núñez-Marino et al., 2022). Therefore, considering the information presented in the previous paragraphs, it is possible to propose the following research hypothesis.
H5: The greater the implementation of Industry 4.0, the higher the level of the green supply chain
2.6. Green Supply Chain and Operational Performance

In recent years, scientists, academics, and managers’ interest in selecting the most appropriate GSC management strategy has increased due to its potential to improve firm performance and OP (Zimmermann et al., 2020; García-Buendia et al., 2023). The relevance of GSC has been broadly addressed by previous studies (García-Buendia et al., 2021) since GSC has several implications for manufacturing firms and green performance (García-Buendia et al., 2023). It has been shown in the literature that GSC implementation can lead to OP improvements in a wide range of areas in manufacturing firms (Yildiz Cankaya, 2020; Moyano-Fuentes et al., 2021). However,  there is little empirical evidence of the relationship between the GSC and OP (Hou et al., 2016), for which there is still no clarity on the relationship between both concepts (Hou et al., 2021). 
However, there is also empirical evidence in the GSC literature that establishes a negative relationship between GSC and OP (De Giovanni & Vinzi, 2014a,b; Giovanni, 2017), and a positive relationship between GSC and OP (Vijayvargy et al., 2017; Fang & Zhang, 2018). Recent studies have shown that GSC contributes to flexibility and delivery performance (e.g. Novais et al., 2020; Maqueira et al., 2021), and OP (Inman & Green, 2018; Iyer et al., 2019). Additionally, studies are required on the impact of GSC on OP to advance the knowledge of the benefits of GSC implementation (García-Buendia et al., 2021). Thus, considering the information presented in the previous paragraphs, it is possible to propose the following research hypothesis.
H6: The greater the implementation of the green supply chain, the higher the level of operational performance
Figure 1, presented below, shows the approach of the four hypotheses in the theoretical research framework.

Figure 1. Theoretical research framework

3. METHODOLOGY

3.1. Sample Design and Data Collection

Secondary data was collected from manufacturing companies that were registered with the Mexican Association of the Automotive Industry (AMIA), which is the most up-to-date directory in Mexico, with a record of 909 vehicle-producing companies as of November 30, 2018, belonging to different local, national and international business chambers. The companies were selected through simple random sampling with a maximum error of ±4% and a reliability level of 95%, sending the survey to 720 companies, and obtaining a final database of 460 companies. The fieldwork was carried out during the months of January to March 2019 and the questionnaire was distributed to the general managers of the companies, who then sent them to the corresponding departments to be completed. The general managers identified the people with the appropriate experience to answer the different groups of questions proposed in the delivered questionnaire (Yu & Tsai, 2018; Kuo & Chang, 2021).
Additionally, the implementation of a procedure to avoid biased answers was considered pertinent, in which the respondents were informed of the anonymous treatment of their correct or incorrect answers, for which they should answer the questions honestly (Podsakoff et al., 2003). This protocol had the objective of reducing the possibility of obtaining lenient answers and that they were socialized among the companies surveyed so that they were more consistent with the answers that are generally accepted. Thus, the bias of the common method was analyzed considering the unique factor of Harman (Podsakoff & Organ, 1986)), which establishes that the factorial analysis must have a common factor that explains at least 40% of the total variance. In this sense, the relationships between the variables considered in the theoretical research framework of this study did not occur due to the variance of the common method.
3.2. Variables and Analysis

An exhaustive review of the literature was carried out to identify the most appropriate scales for the measurement of lean production, industry 4.0, the green supply chain and operational performance. Thus, for the measurement of lean production practices, the scale developed by Farías et al. (2019), who considered that this concept can be measured through the use of 6 items; For the measurement of the green supply chain, the scale proposed by Marshall et al. (2014), who considered that this concept can be measured through 8 items, while the scale developed by Piyathanavong et al. was used to measure operational performance. (2019), who considered that this concept can be measured through 6 items.
Industry 4.0 was measured by 8 items: Systems that integrate the physical world with virtual computational space (Akanmu & Anumba, 2015); Interconnecting of small computing devices embedded in products and objects to the internet, enabling the ability to receive and send data (Feldmann et al., 2010; Zhou et al., 2015); Automated technology able to design, construct and operate without human intervention during the process (Tjahjono et al., 2017); The official industry standard of utilizing 3D-printing to create components in production (Tjahjono et al., 2017; Ghadge et al., 2018); Practice consisting of a network of remote servers that enable the storage, process and managing of data compared to a local server (Hofmann & Rüsh, 2017); Process of investigating large, varied data sets to discover useful information and patterns that may help the decision-making of organizations (Zhong et al., 2016; Farahani et al., 2017); Process of manufacturing ever smaller electrical, optical, and mechanical devices (Feldmann et al., 2010); A distributed digital technology that ensures transparency, traceability and security (Saberi et al., 2019).
Table 1 (see Appendix) shows the items used for the measurement of LP, I4.0, GSC, and OP. It shows that all the items of the four scales have a factorial load greater than 0.70. The Alpha values, the Cronbach, Dijkstra-Henseler rho and the Composite Reliability Index (CRI) were all greater than 0.7. Similarly, the Average Variance Extracted (AVE) values were ​​greater than 0.5 (Hair et al., 2019), while Q2 is always positive (Hair et al., 2019). This established the existence of reliability and validity in the measurement scales used.
Additionally, this study was based on a composite model, which is why the structural equations were used through partial least squares (PLS-SEM) (Sarstedt et al., 2016; Rigdon et al., 2017), with the use of SmartPLS 4 software (Ringle et al., 2022). Derived from the application of the PLS-SEM, composite indicators were used that is the operational definition of the emerging construct that mediates all its effects in the theoretical research framework of this study (Henseler, 2015; Hair et al., 2021) since this type of indicators does not have an error term, contrary to what happens with the models of causal formative indicators. In this sense, composite indicators generally share the same results even when they are not one-dimensional and do not share a conceptual unit (Henseler, 2017), so composite indicators can represent different aspects related to the concept.
4. RESULTS

To address the four hypotheses formulated in this study, the use of PLS-SEM was considered pertinent, since PLS-SEM is considered an approach based on compounds that linearly combine indicators to form composite variables (Lohmöller, 1989), which generally serve as proxies of the concepts being evaluated (Ringdon, 2016). Similarly, the PLS-SEM approach allows adjusting the estimates of the structural equation models, when common factor models are estimated (Dijkstra & Henseler, 2015; Hair et al., 2021), as is the case of the model in this study.
In this study, the use of a composite model was considered pertinent, which is an essential reason for the use of PLS-SEM (Sarstedt et al., 2016) and the SmartPLS 4.0 software (Ringle et al., 2022). This is because composite indicators are considered in the literature as an operational definition of an emergent construct that mediates all model effects, and the composites measured through composite indicators do not have an error term (Hair et al., 2021). For the estimation of path models, PLS-SEM generally uses a Model A or a Model B. Model A is related to correlation weights derived from bivariate correlations between each indicator and the construct, while Model B relates to weights of the regression (Sarstedt et al., 2016). Model A is used in this study.
4.1. Reliability and Validity of Measurement Scales Measurement Model

The evaluation of the reliability and validity of LP, I4.0, GSC and OP scales was carried out using Cronbach's Alpha, Composite Reliability Index (CRI) and Extracted Variance Index (AVE) (Hair et al., 2019), while the discriminant validity was evaluated using the most cited indices in the literature: Fornell and Larcker Criterion and Heterotrait-Monotrait ratio (HTMT) (Henseler et al., 2015; Hair et al., 2019). The results obtained indicate that Cronbach's Alpha, CRI and Dijkstra-Henseler rho have values ​​higher than 0.9 (0.903–0.952; 0.925–0.960; 0.905–0.953, respectively), which indicates that the theoretical research framework has an excellent fit (Bagozzi & Yi, 1988; Hair et al., 2019), and the AVE values ​​are greater than 0.5 (0.674-0.752), proposed by Fornell and Larcker (1981) and Bagozzi and Yi (1988). (see Table 2)
Additionally, Table 2 shows the results of the discriminant validity analysis, which provides empirical evidence of the validity of the measures and their ability to identify the different constructs, for which the Fornell and Larcker Criterion is significant because the values ​​of the AVE are greater than the square of the correlations between each pair of constructs. The most effective measure of the study is the HTMT (Henseler et al., 2015) since the HTMT is an estimate of what the real correlation between a pair of constructs would be if they were measured correctly. Thus, in the literature, an HTMT value of less than 0.85 is recommended (Henseler et al., 2015), and in this study, the values ​​obtained from the HTMT are lower than the recommended value (0.240-0.598), which are indicative of the existence of discriminant validity between the four measurement scales used in the theoretical research framework.

Table 2. Measurement Model. Reliability, Validity and Discriminant Validity

	PANEL A. Reliability and Validity

	Variables
	Cronbach’s Alpha
	CRI
	Dijkstra-Henseler rho
	AVE

	Lean Production
	0.934
	0.948
	0.939
	0.752

	Industry 4.0
	0.952
	0.960
	0.953
	0.750

	Green Supply Chain
	0.949
	0.958
	0.950
	0.739

	Operational Performance
	0.903
	0.925
	0.905
	0.674

	PANEL B. Fornell-Larcker Criterio
	Heterotrait–Monotrait ratio (HTMT)

	Variables
	1
	2
	3
	4
	1
	2
	3
	4

	1. Lean Production
	0.867
	
	
	
	
	
	
	

	2. Industry 4.0
	0.508
	0.866
	
	
	0.531
	
	
	

	3. Green Supply Chain
	0.513
	0.570
	0.860
	
	0.538
	0.598
	
	

	4. Operational Performance
	0.227
	0.290
	0.384
	0.821
	0.240
	0.312
	0.413
	

	Note: PANEL B: Fornell-Larcker Criterion: Diagonal elements (bold) are the square root of the variance shared between the constructs and their measures (AVE). For discriminant validity, diagonal elements should be larger than off-diagonal elements.


4.2. Structural Model

The results of the evaluation criteria satisfy the general criteria and show acceptance of statistical power, obtaining an R2 adjusted higher than 0.10 ​​( Hair et al., 2019). According to Cohen (1989), the value of R2 is divided into three levels: R2 = 0.02 indicates weak, R2 = 0.13 indicates moderate, and R2 = 0.26 indicates a high level. According to Blaikie (2003), the value of R2 for social sciences studies is low, and usually, the guideline for determining the value of R2 is at a value of R2 > 0.10. In addition, SRMR, geodetic discrepancy (dG), and unweighted least squares discrepancy (dULS) are below H1 99%, verifying the significance of the theoretical research model (Dijkstra & Henseler, 2015). Table 3 shows the results obtained from the analysis of the structural model through the application of PLS-SEM.
Table 3. Structural Model

	Paths
	Path (t-value; p-value)
	95% Confidence Interval 
	f2
	Support

	LEP  →  OPE    (H1)
	0.015 (0.197; 0.844)
	[-0.091 – 0.128]
	0.003
	No

	LEP  →  IND    (H2)
	0.510 (11.468; 0.000)
	[0.420 – 0.595]
	0.361
	Yes

	IND  →  OPE   (H3)
	0.101 (1.700; 0.089)
	[0.003 – 0.216]
	0.010
	Yes

	LEP  →  GSC   (H4)
	0.301 (5.630; 0.000)
	[0.199 – 0.407]
	0.115
	Yes

	IND  →  GSC   (H5)
	0.417 (7.059; 0.000)
	[0.301 – 0.528]
	0.221
	Yes

	GSC  →  OPE   (H6)
	0.320 (4.976; 0.000)
	[0.195 – 0.451]
	0.078
	Yes

	Indirect Effects

	LEP  →  GSC  →  OPE
	0.196 (3.842; 0.000)
	[0.051 – 0.150]
	0.116
	Yes

	IND  →  GSC  →  OPE
	0.134 (3.697; 0.000)
	[0.072 – 0.212]
	0.234
	Yes

	Endogenous Variable
	Adjusted R2
	Model Fit
	Value
	HI99

	
	
	SRMR
	0.031
	0.036

	IND
	0.257
	dULS
	0.391
	0.535

	GSP
	0.392
	dG
	0.247
	0.316

	OPE
	0.155
	NFI
	0.760
	


Note: LEP: Lean Production; IND: Industry 4.0; GSC: Green Supply Chain; OPE: Operational Performance. One-tailed t-values and p-values in parentheses; bootstrapping 95% confidence intervals (based on n = 5,000 subsamples) SRMR: standardized root mean squared residual; dULS: unweighted least squares discrepancy; dG: geodesic discrepancy; HI99: bootstrap-based 99% percentiles.

Table 3 shows that LP has a negative impact on OP (0.015; p-value 0.844), providing evidence against hypothesis H1. This indicates that the adoption of LP does not generate a better OP in manufacturing firms. However, LP-I4.0 and LP-GSC generated positive effects (0.510 p-value 0.000; 0.301 p-value 0.000, respectively), these results showing evidence in favour of hypotheses H2 and H4, which indicates that the implementation of LP generated both a higher level of I4.0 and GSC. Also, I4.0 has a positive effect on OP (0.101; p-value 0.089), and GSC (0.417; p-value 0.000), which shows evidence in favour of hypotheses H3 and H5, indicating that I4.0 slightly improved OP and generated a great GSC. Finally, GSC has a positive effect on OP (0.320; p-value 0.000), which indicates that GSC improved the OP of manufacturing firms.

Additionally, Table 2 shows that LP has a positive effect on OP, which is transferred through the mediating role of GSC (0.196; p-value 0.000). It also indicates the positive effect that I4.0 has on OP as it improves substantially when transferred through the mediating role of GSC (0.134; p-value 0.000). According to the results obtained, it is possible to establish that the operational performance of manufacturing companies in the automotive industry is much better when the GSC acts as a mediating variable in the LP-OP and I4.0-OP relationships than when it is directly related to the LP and I4.0. Therefore, it can be established that the integration of LP and I4.0 in GSC effectively generates a better OP in manufacturing firms in the automotive industry in Mexico, thereby confirming the theoretical research model proposed.
5. DISCUSSION
The results obtained in this study do not support our argument that LP generates a positive effect on the OP of manufacturing firms in the automotive industry. These results are consistent with those found by Balakrishnan et al. (1996) and Ahmed et al. (2004), who obtained a negative impact of LP on the OP of manufacturing firms. The reasons that could explain this negative effect are, on the one hand, the inconsistency in the results presented in the literature, which generate mistrust among the managers of manufacturing firms. This is because these results are not clear about the benefits generated by LP implementation. On the other hand, another reason that could explain the negative effect of LP on OP is the lack of tax incentives and government programs to support organizations, not only to reduce industrial waste but also to adopt and implement production systems that improve the environment and sustainability.
However, the results support our argument that LP generates positive effects on I4.0 and GSC. The positive effect between LP and I4.0 is in line with Tortorella et al. (2021) and Saraswat et al. (2021), who established the need to provide more empirical evidence on the relationship between both concepts, while the positive effect between LP and GSC is also consistent with the results of Marodin et al. (2016) and Ruiz-Benitez et al. (2018). The main reasons that could explain these positive effects are, on the one hand, the increasing use of I4.0 digital technologies both in production systems and in supply chains, which allows greater efficiency and reduction of production and delivery times. And, on the other hand, the strong global pressure that manufacturing companies have for the production of more environmentally friendly products, as well as for the reduction of the emission of polluting gases.
The results obtained also support the argument that GSC has a positive effect on OP, these results are in line with those found by Geng et al. (2017) and Fang and Zhang (2018). 
A reason that could explain this positive effect is the costs associated with the adoption and implementation of the GSC management in the manufacturing companies of the automotive industry since they are commonly lower compared to the benefits it generates in their OP. Also, the application of the GSC facilitates compliance with environmental standards established by the government, e.g. by reducing industrial waste and CO2 emissions, both in production processes and in the delivery of products.
Additionally, the results obtained support our argument that the integration of LP and I4.0 in the GSC generates a higher level of OP since the GSC acts as a mediating variable in the relationship between LP-OP and I4.0-OP, which significantly improves the results in OP, compared to the results obtained directly. Therefore, these results can help manufacturing companies in the automotive industry in Latin America, particularly in Argentina and Brazil, to develop policies and programs that support the implementation of LP practices and I4.0 digital technologies to better manage their GSC. The existing vehicle assembly companies in these countries are very similar to those in Mexico, and hence their production and environmental policies are similar.
6. IMPLICATIONS AND LIMITATIONS
Practical Implications

From a practical perspective, our findings indicate that LP and I4.0 application is not a constant practice in manufacturing firms of the Mexican automotive industry, as well as in most emerging countries of Latin America, since business strategies that are commonly implemented in companies in the automotive industry are developed in the countries where the parent plant is located, generally in developed countries, coupled with few or no incentives government taxes that do not promote the adoption of this type of practice, as well as the existence of excessively lax environmental policies. On the contrary, the results obtained in this study indicate that LP and I4.0 positively affect the OP of companies through GSC, which the public administration should promote through the development of support policies and programs.

Practitioners are recommended to strategically analyze the environment in which their companies and supply chain operate since the choice of the right GSC strategy can determine the firm's OP. Thus, companies will need to carefully rethink aspects of the organizational culture that could negatively affect the technical and operational implementation of lean policies and programs inside the organization. Therefore, managers of manufacturing firms will have to consider the particular characteristics of personnel, as well as work environment, motivational systems, and responsibilities of personnel and directors of the organization, since this could facilitate the application of LP, I4.0, and GSC, which will allow the company to significantly increase OP.
Additionally, our results can be extended to other emerging nations of Latin America, particularly in Brazil or Argentina, where the technological transition of the automotive industry and manufacturing sector is making similar progress, thanks to the adoption and implementation of LP and I4.0 practices. Moreover, the practical implications of this study may be useful for its adoption in other developing countries around the world, where the automotive industry and the perception of technological uncertainty are similar to that of the Mexican economy and society. Under this scenario, managers of manufacturing companies must be careful in the application of LP, I4.0, and GSC in circumstances such as the current global context where technological changes are combined with disruptive changes in the economy.
Managerial Implications
From a managerial perspective, our findings indicate that managers in manufacturing firms are either planning to adopt and implement LP, I4.0, and GSC practices or are still in the initial stages of this process. Managers of manufacturing firms in the automotive industry have to constantly improve performance levels, which generates changes in management and production systems since managers do not only have to make production and distribution operations more efficient but also constantly improve the quality and services of their products. In this sense, the positive effects of LP and I4.0 in GSC advocate the implementation of strategies that improve OP and, at the same time, reduce industrial solid waste, which would be favourable in a highly polluting industry such as the automotive.

Managers are recommended to have a strong commitment to generating an increasing GSC since this will allow all companies that intervene in the automotive industry supply chain not only to improve OP but also contribute to improving the environmental sustainability of their regions. Therefore, the implementation of greener activities in their supply chain is a relevant issue from the government’s point of view as it contributes to the development of sustainable and environmental activities of other companies. Thus, the results of this study advocate the design of public policies that promote a multiplier effect through the implementation of LP, incorporation of I4.0 tools, and generation of GSC, which significantly improve the OP of organizations.
Additionally, a key implication of the results for managers, for example, is that automotive manufacturers looking to use the knowledge gained with supply chain partners to support adoption and implementation of LP, I4.0, and GSC practices could be oriented to support those manufacturing companies that have already adopted these type of practices. For this, managers need to develop the capacities of their personnel so that they are sufficiently prepared for the effective application of digital technology in production processes and product delivery. This alternative is cheaper for managers than hiring external consultants to advance in the application of LP, I4.0, and GSC, since the costs associated with its adoption may be less than the benefits obtained.
Limitations
Additionally, this study has some limitations that should be considered when interpreting the results obtained. The first limitation is that which refers to the sample used, since it only included manufacturing firms of the Mexican automotive industry, for which the results may vary if a sample of companies from other countries is considered, even when these countries may have an economy and legislation similar to that of Mexico, in particular the countries of Latin America. A second limitation is that in this study, the analysis was carried out with cross-sectional data, leaving aside the possible temporal effects of the variables used in the theoretical research framework, for which it would be necessary to carry out longitudinal studies. A third limitation is that the information was collected only from the opinion of the managers of the manufacturing firms in the automotive industry, for which the results may vary if quantitative data or the opinions of the members of the supply chain are used.
7. CONCLUSIONS AND FUTURE DIRECTIONS

In the literature, it is common to find that manufacturing firms in the automotive industry are seen as one of the largest sources of environmental pollution, especially in emerging economies, such as Mexico. Given the importance of the relationship between LP, I4.0, GSC and OP, the few studies published in the literature that have analyzed these relationships allow us to conclude the importance to encourage the analysis and discussion of these concepts, both in other sectors of economic activity and in other countries, especially in Latin America. In this sense, future research should focus on the analysis and discussion of LP and I4.0, with different dimensions of GSC and OP published in the literature, as well as on the consideration of other measurement scales of LP and I4.0 or using the integration of customers in GSC.

Second, the analysis of the LP-I4.0-GSC relationship and its effects in OP is a relatively recent topic in the literature. However, it is also true that this topic is recently gaining the attention of the scientific, academic, and industrial professionals communities, which allows us to conclude that the relationship between the concepts is an unfinished topic that is currently open to discussion (De Giovanni & Cariola, 2021). For this reason, this study contributes to the generation of knowledge by providing robust empirical evidence that shows that the integration of LP and I4.0 with GSC offers a higher OP in manufacturing firms than if they are implemented separately. Therefore, in future research, it would be important to focus on intrinsic aspects of LP, I4.0, and GSC activities such as stakeholders' location, green technology used by stakeholders, and digitization of stakeholder information processes. This will allow manufacturing firms in the automotive industry not only to improve their environmental and sustainability but also OP.
Thirdly, in reference to the methodology used in this study, the use of the analysis of success cases is considered pertinent, since some manufacturing firms in the automotive industry have obtained excellent results in the implementation of LP, I4.0 and GSC. This would contribute to the literature on the reasons and the results of the existing relationships between the concepts that make up the theoretical research framework of this study. Regarding the quantitative methods used in this study, the use of other approaches is considered pertinent, such as, for example, temporal data series or neural networks, which may have greater variability and efficiency than PLS-SEM, but also a much higher cost, since generally, these statistical techniques consider both the intertemporal dynamics and the individualities of the concepts.
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Table 1. Measurement Model Assessment
	Indicators
	Constructs
	Factor Loads (p-value)
	Q2

	Lean Production (LEP)

Cronbach’s Alpha: 0.934; Dijkstra–Henseler’s rho (ρA): 0.939; CRI (ρc): 0.948; AVE: 0.752

	LEP1
	An approach to produce only what the customer wants just when the customer wants it, thereby the production systems are flexible enough to accommodate shifting demand immediately.
	0.840; 0.000
	

	LEP2
	Lot size refers to the quantity of an item ordered for delivery on a specific date or manufactured in a single production run.
	0.884; 0.000
	

	LEP3
	Activities that continuously improve all functions and involve employees from the CEO to the assembly line workers.
	0.905; 0.000
	

	LEP4
	Preventive maintenance (or preventative maintenance) is maintenance that is regularly performed on a piece of equipment to lessen the likelihood of it failing
	0.895; 0.000
	

	LEP5
	A situation where employees participate directly to help an organization to fulfill its mission and meet its objectives by applying their ideas, expertise, and efforts towards problem solving and decision making.
	0.826; 0.000
	

	LEP6
	Cycle time, also called throughput time, is the amount of time required to produce a product or service. 
	0.852; 0.000
	

	Industry 4.0 (IND)

Cronbach’s Alpha: 0.952; Dijkstra–Henseler’s rho (ρA): 0.953; CRI (ρc): 0.960; AVE: 0.750

	IND1
	Systems that integrate the physical world with virtual computational space.
	0.869; 0.000
	0.210

	IND2
	Interconnecting of small computing devices embedded in products and objects to the internet, enabling the ability to receive and send data.
	0.865; 0.000
	0.187

	IND3
	Automated technology able to design, construct and operate without human intervention during the process.
	0.889; 0.000
	0.212

	IND4
	The official industry standard of utilizing 3D- printing to create components in production.
	0.898; 0.000
	0.192

	IND5
	Practice consisting of a network of remote servers that enable the storage, process and managing of data compared to a local server.
	0.858; 0.000
	0.178

	IND6
	Process of investigating large, varied data sets to discover useful information and patterns that may help the decision-making of organizations.
	0.862; 0.000
	0.193

	IND7
	Process of manufacturing ever smaller electrical, optical, and mechanical devices.
	0.862; 0.000
	0.200

	IND8
	A distributed digital technology that ensures transparency, traceability and security.
	0.825; 0.000
	0.162

	Green Supply Chain (GSC)

Cronbach’s Alpha: 0.949; Dijkstra–Henseler’s rho (ρA): 0.950; CRI (ρc): 0.958; AVE: 0.739

	GSC1
	Constantly supervises its suppliers to comply with safety and hygiene requirements.
	0.845; 0.000
	0.294

	GSC2
	Periodically apply questionnaires or surveys to its suppliers to monitor their correct application.
	0.835; 0.000
	0.284

	GSC3
	Constantly monitors the commitment that its suppliers have in safety and hygiene, as a process to improve their goals.
	0.859; 0.000
	0.265

	GSC4
	It constantly conducts safety and hygiene audits to its workers to eliminate abandoned items or items that are not in the proper places.
	0.876; 0.000
	0.290

	GSC5
	It has a system to balance the work / family of its employees with the employees of its suppliers throughout the supply chain.
	0.885; 0.000
	0.294

	GSC6
	It has an auditing system to verify compliance with the safety and hygiene standards of the employees of its main suppliers.
	0.888; 0.000
	0.309

	GSC7
	It constantly supports its main suppliers to obtain some certification in safety and hygiene standards.
	0.874; 0.000
	0.297

	GSC8
	It has a code of conduct ethics system with its main suppliers so that they remove damaged or faulty products from the company.
	0.814; 0.000
	0.264

	Operational Performance (OPE)

Cronbach’s Alpha: 0.903; Dijkstra–Henseler’s rho (ρA): 0.905; CRI (ρc): 0.925; AVE: 0.674

	OPE1
	Cost and resource reduction
	0.755; 0.000
	0.092

	OPE2
	Lead time reduction
	0.789; 0.000
	0.105

	OPE3
	Flexibility and inventory turnover increase
	0.830; 0.000
	0.100

	OPE4
	Labour productivity increase
	0.819; 0.000
	0.089

	OPE5
	Quality increase (defect reduction)
	0.876; 0.000
	0.124

	OPE6
	Performance comparison to direct competition
	0.850; 0.000
	0.099
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