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Annotation. Global warming is a persistent challenge which needs wide-ranging solutions. Excessive
reliance on non-renewable resources and industrialization has caused an increase in waste generation
which calls for worthy strategies to reduce CO2 emissions by 2030 and meet zero carbon goal by 2050.
Therefore, observing the relationship between green practices and circular economy is critical to
address the carbon neutrality target. The present study scrutinizes how green logistics and artificial
intelligence shape circular economy by considering factors such as economic growth, R&D, green taxes
and renewable energy. The center focus of the study is technologically advanced economies covering
the period from 2000 to 2023. The study employed Method of Moments Quantile Regression (MMQR)
approach and reveals the artificial intelligence facilitates green logistics however, green logistics have
no significance over circular practices in the given sample. Similarly, renewable resources and R&D
have no direct impact on country’s economic growth, however, country’s growth and environmental
taxes play major role in circular economy principles. To ensure robustness, the study also employed
Feasible Generalized Least Square (FGLS) and validates the findings of MMQR. Given the scenario,
the study encourages policy makers to show greater support to sustainable green logistic operations
and Al- driven technologies in order to achieve carbon neutral goals.
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Introduction

The progressive stage of industrialization with excessive reliance on non-renewable resources significantly
increase global atmospheric pressure leading to various environmental challenges such as higher % of
greenhouse emissions (Sadiq et al., 2024). The average CO2 concentration has been increased from 285
to 419 (ppm) from pre-industrial era to year 2022. In addition, the temperature as well as the average CO2
concentration will continue to rise in the absence of efficient policies to limit or regulate CO2 emissions
(Zhang et al., 2025; Chen et al., 2022). Therefore, in this persistent need to address the issue of global
climate change and GHG emissions, countries have legally committed to achieve carbon neutrality (CN)
through the creation of national laws, the signing of accords, the declaration of policies and different verbal
commitments (Wu et al., 2022). Many companies, governments and organizations are determined to
achieve CN to reduce environmental degradation and enhance sustainability as it is essential to create a
sustainable future that protects the environment for future generations (Shen, 2023). Generally, the
reduction of carbon emissions depend not only on one path, but rather it requires combined effect of
several strategies aimed at reducing carbon emissions. Additionally, it entails taking action to eliminate
carbon from the atmosphere using techniques including soil CO2 sequestration, carbon capture and
storage, and reforestation. Several other measures such as technological innovations, policy guarantee
mixture, multi-objective collaborations and financial support can lead to achieve CN objectives (Wu et al.,
2022).

Likewise, circular economy (CE) is of significant importance for achieving CN. The basic idea of CE was
initially proposed by David Pearce and Kerry Turner who defined CE” as an industrial system which is
regenerative or restorative by design and intention.” However, the “end-of-life” concept is replaced by
restoration as it refers to transform the use of energy towards more renewable energy, thus, eliminating
the consumption of toxic chemicals, waste recycling and management through superior business models
and products, material and system designs (Dat et al., 2025). CE is made up of a number of closed-loop
systems designed to reduce negative environmental effects and promote sustainable economic growth
(Wilson et al., 2022). In other words, CE is another way to attain CN by reducing resource inputs which
generate more socio-economic value because on the one hand, CE changes the way the products are
produced and consumed through resource conservation (Streimikis, et al., 2024), which can efficiently
increase resource output and carbon productivity and reduce carbon emitted from the supply chain,
industrial chain and value chain, while on the other hand, by promoting the efficient recycling of waste and
the circulation of production elements (WEl et al. , 2021).

Therefore, it is important to analyze the wider implications of CE in this pressing need of CN. However, the
applications of the CE concept into practice calls for advanced instruments and technologies that can
effectively manage waste, improve resource consumption, and build closed-loop structures. In this regard,
the relevance of innovative technologies, particularly industry 4.0 technologies such as artificial
intelligence (Al) in promoting sustainable CE cannot be ignored (Rehman et al., 2025). Al has significant
role in transforming the economies from linear to CE by providing potent data driven solutions to several
challenges related to waste reduction, resource management, and transparency in supply chain
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management (Gandia et al.,2025). Al-powered platforms facilitate the renting, redistribution and sharing
of goods and promote a shift of linear consumption models to more sustainable consumption patterns.
Additionally, Al plays significant role in making manufacturing sustainable through 3D printing, eco-design,
projecting maintenance, reducing material waste and extending product lifecycles (Bashynska,
Prokopenko, 2024). Furthermore, Al may play a crucial role in facilitating systemic change (Noman et al.,
2022). Al also promote resource efficiency by identifying different opportunities for optimizing the resource
consumption patterns (Singh, 2023). This makes the role of Al in attaining sustainable CE highly relevant
to future and current CN agenda.

Likewise, supply chain performances can impact CE performances. Implementation of CE practices
demands a total shift of production process to produce goods using green production and supply chain
practices. Infact, green supply chain (GSC) minimizes material flow and negative environmental effects of
consumption and production processes by integrating environmental issues into organization’s
production processes (Ying, Li-jun, 2012). Several GSC practices such as green logistics (GL) is one of the
new business strategies that must be implemented in order to transition from linear to CE business models
(Chengetal., 2023). The focus of GL is on CE practices such as waste management, material handling and
sustainable transportation, all of which reduces the energy and environmental footprints of the products’
distribution. GL components including green transportation, packaging, distribution, warehousing etc.
significantly reduce the material consumption, and promote the recycling and reuse of waste material. To
create more value for customers and satisfy their needs, GL activities are linked to the environmentally
responsible management of the movement of information and goods. Different GL activities including the
use of green packaging, green shipping, green storage, and green processing processes help to achieve CE
(Cheng et al., 2023). In essence, green logistics not only measure environmental consequences but also
minimize waste generation and energy usage across logistics operation (Seroka-Stolka, Ociepa-Kubicka,
2019).

Amid these circumstances, the present study aims to analyze the role of GSC and Al in promoting CE in
the context of the global technologically advanced economies namely China, Finland, Germany, Sweden,
Switzerland, UK, USA, Japan, Singapore, South Korea over 2000 to 2023 period. Since these countries have
seen rapid advancement in technology over the period of time, it is important to understand how
technological progress have impacted CN target of these countries. At the same time, these countries are
not performing well in terms of limiting their annual CO2 emissions and their increasing emission levels
have continuously worsened their environmental quality. China, Germany, UK, the USA, South Korea,
Japan are among the highest carbon emitting countries (Khan et al., 2025; Jun et al., 2022; Mohmmed et
al., 2019) and these countries plan to reduce GHG emissions over next decade (Shpak et al., 2022).
Besides, as evident from Figure 1, CO2 emissions in selected countries have progressively increased over
2000 to 2022 period. Therefore, itis not unexpected that these countries have completely failed to reduce
their CO2 emissions and attaining CN targets. However in year 2020, some of the major economies such
as Canada and Germany announced to reach CN target by 2050. China, being one of the major
contributors to CO2 emissions, made commitment to achieve CN by 2060. Switzerland has made
commitment to reduce its GHG emissions level by 2030 and Sweden has set this target to be achieved by
2050 (Lietal., 2020; Sandberg, Krook-Riekkola, 2022; Wu et al., 2022).This provides rationale for evaluating
the role of latest and advanced technologies and GSC in achieving CN targets by promoting CE practices
in the selected countries.
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Figure 1. Trend of CO, Emissions in Technologically Advanced Countries, 2000-2022

The study significantly contributes to the literature by bridging following literature gaps: First of all, there
has been scarcity of empirical studies investigating the role of GSC and industry 4.0 in achieving CN in the
context of the global technologically advanced economies using CE as indicator of CN. Second, although
several studies have provided insights into how GSC and industry 4.0 has determined CE at firm level, not
much empirical evidence is available regarding their role in CE at macro level. Also, earlier studies have
not used the panel comprising of these technologically advanced economies to analyze the influence of
the selected determinants on CE practices. Third, the existing studies have mostly investigated the impact
of industry 4.0 technologies and GSC on CE using linear estimation approaches. However, it is imperative
to analyze their impact using non-linear estimation approaches to determine whether their impact varies
across various quantiles or cross sections. Accordingly, the present study bridges this gap by using MMQR
estimation approach for assessing the relationship between selected regressors and CE which provides
efficient estimation in the presence of cross sectional dependence (CSD), data non-normality and non-
linear relationship between constructs (Liao et al., 2024).

The remaining portion of the study is categorized in to further sections. Literature review offers the detail
preview of literature to identify the literature gap. The methodology section covers data and technique part
which is followed by data analysis. The last section of the study concludes the findings by offering some
implications and future directions.

1. Literature Review

1.1 Industry 4.0 and Circular Economy

Several recent studies have advocated for industry 4.0 technologies adoption to promote CE practices
(Sadiq et al., 2025; Chien et al., 2025). Research studies suggest that advanced technologies such as “big
data analysis, the Internet of Things, block-chain, cloud computing, Al and additive manufacturing” can
facilitate the implementation of CE practices. These technologies help in transition from linear to CE by
promoting the development of circular business models (Jugend et al., 2024). In this regard, Bag et al.
(2021) explored the role of industry 4.0 in CE in manufacturing firms and revealed that industry 4.0 has
positive impact on CE by having positive impact on sustainable production. Lei et al. (2023) also revealed
that integration of different technologies had positive impact on CE. Study of Rizvi et al. (2023) indicated
that CE and industry 4.0 nexus promoted asset analysis, waste reduction and post consumption product
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management. de Sousa Jabbour et al. (2022) studied the individual as well as joint impact of CE and
Industry 4.0 on manufacturing firms’ performance in Brazilian context. According to the findings, joint
adoption of Industry 4.0 and CE had synergic effects on firm’s performance in Brazil. Ghoreishi &
Happonen (2020) explored the role of Al in CE at product design phase and disclosed that implementation
of Al promoted CE in manufacturing process.

In continuation, Lanzalonga et al. (2024) studied the role of Al in decision making for promoting CE
practices in an Italian multinational firm. The primary data collected was analyzed by Gioia method. The
findings illustrated that Al played proactive role in promoting waste management transformation process.
Jugend et al. (2024) analyzed the data of 248 companies in Brazil and confirmed that technologies have
positive impact on CE and their combined effect enhanced firm performance. Likewise, taking data of the
small and medium enterprises (SMEs) of the European countries, Findik et al. (2023) also concluded that
industry 4.0 technologies enhanced or promoted the CE practices in SMEs.

1.2 Green Supply Chain and Circular Economy

Some earlier studies have studied empirical and theoretical relationship between GSC and CE, but the
relationship between them is uncertain and received less empirical attention. Du et al. (2023) evaluated
GL in carbon neutrality in BRICS-T countries over 2000 to 2018 period and confirmed the positive role of
GL in promoting CN. Taking data of 212 small and medium enterprises, Centobelli et al. (2021) studied the
role of GSC on CE and showed that GSC impacted CE positively. Likewise, Abdallah et al. (2024) studied
the role of GSC management under the mediating role of green innovations in CE in 278 manufacturing
firms of Jordan. The results of the study indicated that GSC management was positively related with CE
and green innovations positively mediated the CE and GSC management relationship. Taking data of 211
garment manufacturing firms in Bangladesh, Cheng et al. (2023) indicated that green logistics promoted
CE in garment manufacturing firms. Likewise Jinru et al. (2022) assessed the role of GL in CE in Chinese
firms in 2020 and indicated that GL had positive impact on CE. Considering the data of energy related
enterprises in Saudi Arabia, Nassani et al. (2023) analyzed the mediating role of GSC in green technologies
and CE relationship. The analysis revealed that GSC positively mediated the green technologies and CE
relationship.

In continuation, Sharma, Luthra, Joshi, Kumar, and Jain (2023) studied the role of GL and industry 4.0
technologies in CE adoption by industries in North India. PLS-SEM estimation was used and the outcomes
revealed that industry 4.0 positively impacted CE and this relationship was positively mediated by GL.
Taking the data of ASEAN economies, Torasa and Mekhum (2020) analyzed the role of GL in CE for 2000 to
2015 period. According to the estimates of the Fixed Effects, Random Effects and OLS approaches, GL had
significant impact on CE. Zahran (2024) analyzed the impact of GSC on CE by considering data of 50
manufacturing firms. The outcomes of the study confirmed that GSC enhanced CE practices.

1.3 Gaps in the Extant Literature

The review of literature reveals some significant gaps which present study aims to address and fill. First of
all, it is clear that many research studies have been conducted at micro and firm level and, to our
knowledge, not many studies have been conducted using macro data for analyzing the relationship
between GSC, Industry 4.0 and CE. Second, to our best knowledge, no prior study had attempted to
evaluate the role of GSC and industry 4.0 in CE using panel data of technologically advanced countries.
Therefore, the present study aims to fill these existing literature gaps.
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2. Data and Method

2.1 Data

The present study uses annual data of top ten technologically advanced countries namely China, Finland,
Germany, Sweden, Switzerland, UK, USA, Japan, Singapore, South Korea over 2000 to 2023 period
retrieved from two main data sources namely “Organization for economic cooperation and development
(OECD) and the World Development Indicators (WDI).”

Table 1. Variables of the Study and their Measurements

Variables Measurement Data Source
Resource productivity measured as the ratio
Circular Economy between domestic material consumption Author’s calculation

(million tons) and total GDP

CO: intensity from logistics measured as the
Green logistics ratio between CO2 emissions from transport Author’s calculation
sector and total GDP
Patents in technologies related to artificial in-

Artificial intelligence . OECD
telligence
Economic growth GDP per capita constant (US$ 2015) WDI
Environmental taxes Environment related taxes (% of GDP) OECD
i 0,
Renewable energy Renewable energy ‘ consumption (% of WDI
total energy consumption)
i 0,
Research and development Research and development expenditures (% WDl

of GDP)

Source: created by the authors.

The dependent variable of the study is CE measured by resource productivity which is calculated by GDP
ratio to domestic material consumption proposed by (Robaina, Villar, Pereira, 2020). This ratio indicates
GDP produced per unit of resources used in a country. Two main explanatory variables considered by the
present study are GSC and Al. GSC is measured by green logistics measured by CO2 intensity from
logistics proposed by Ouni and Ben Abdallah (2024). GL is measured as the ratio between CO2 emissions
from the transport sector and total GDP. Al is measured by patents in technologies related to artificial
intelligence. Among the control variables, the study uses economic growth measured in terms of GDP per
capita constant (US$, 2015), renewable energy consumption (measured by percentage of renewable
energy consumption in total energy consumption), environment related taxes (ERT) (measured as % of
GDP) and research and development (measured by research and development expenditures as
percentage of GDP). The data for CE, ERT and Al is collected from OECD database and data for GL,
economic growth, renewable energy and research and development is taken from WDI database.

2.2 Model Specification

Keeping in view the core objective, the baseline model of the study is specified on the basis of the
Ecological Modernization Theory (EMT) proposed by Hajer (1997). EMT theory hypothesizes that
environmental problems caused by economic growth can be decreased by raising resource productivity,
resource efficiency as well as improving sustainability using technological developments and GSC
practices which enhance environmental and economic performances simultaneously (Alahmad, El-Sadat,
Ahmed, 2023). Therefore, EMT can provide us the theoretical background for analyzing the relationship
between Al, GSC and CE as CE refers to an economic system which emphasizes the renewable energy
consumption, material recovery and recycling and therefore it minimizes the negative environmental
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effects of the production system (Marrucci, Daddi, Iraldo, 2021). The literature also highlights the potential
of CE for reducing inputs and recycling of waste materials to gain better quality of life by enhanced
resource efficiency (Lanzalonga et al., 2024). Under the EMT framework, technological advancements
such as Al can facilitate CE practices as Al has a significant role to play in remote and automatic monitoring
of the efficiency of manufacturing processes as well as the product lifecycles. Moreover, Al efficiently
handles the data generated during manufacturing, usage of products and disposal, all of which lead to
promote CE practices (Ozsoy, 2023). Likewise, GSC may also aid in improving operational and
environmental performances through decline in resource and energy consumption, improving the
efficiency in process and product design which help reduce waste generation through better cooperation
and coordination between customers and suppliers (Q. Zhu, Sarkis, Lai, 2012). Therefore, under the
framework of EMT theory, the baseline model of the study is formulated as:

CE =f(Al, GSC) (1)
And the econometric form of the model is written as:
CEir = Bo + P1Al; + B2GSCyp + Wyt (2)

Moreover, taking the support from Upadhayay, Shamsa, Khashadourian, and Sherm (2023), Robaina et al.
(2020), and (Upadhayay et al., 2023), we add economic growth, research and development, environmental
taxes and renewable energy as control variables in the study and elaborated the model as follows:

CEi = Bo + P1Al; + B2GSCyp + B3RE; + B4RDy + BsEGy + BeERT; + &1 (3)

Where, f's are the parameters to estimate, subscripts i and t denote cross sections (1,2,3,....,10) and time
period (2000 to 2023). CE, Al, GSC, RE, RD, ERT and EG represent circular economy, artificial intelligence,
renewable energy consumption, research and development, environmental taxes and economic growth,
respectively.

2.3 Method of Analysis

2.3.1. Cross Sectional Dependence and Slope Heterogeneity Tests

In order to analyze panel data, it is of utmostimportance to check cross sectional dependence (CSD) and
slope heterogeneity problems. The CSD issue arises mainly due to local and global common economic
shocks, financial or economic integration, globalization, unobserved components and oil price shocks
(Hanif, Nawaz, 2024; Sun, Meng, Nawaz, Hanif, 2024). These issues can lead to biased and inefficient
results if not dealt properly (Hanif, Nawaz, Hussain, & Bhatti, 2022). The CSD test equation proposed
by Pesaran (2004) can be written as:

2T

D= |[3aD

(E 21 Bij) ~ N(O,Di, j (4)

The pair-wise correlation coefficientis shown by ﬁi}- in equation (4). Similarly, we examine slope
heterogeneity issue using (Pesaran, Yamagata, 2008) test. Differences in economic and demographic
structures lead to slope heterogeneity issue. The basis equations of slope heterogeneity test are provided
as follows:

A=VN 2k (5)
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X — YNINTIS-EQi)

Aa.dj_ /—Var(ZiL-) (6)
Where, A and A,4; represent delta tilde and adjusted delta tilde, respectively.
2.3.2 Panel Unit Root Test

Unit root or stationarity analysis is necessary to assess the order of integration among variables. Since the
first generation tests are not robust to CSD and slope heterogeneity issues, therefore, the second-
generation panel unit root tests are conducted in the present study. In this regard, the ‘cross sectional IPS”
(CIPS) and “cross-section augmented Dickey-Fuller” (CADF) unit root tests proposed by Pesaran
(2007) are used in the present study. The CADF unit root test uses cross-sectional mean of the lagged and
first difference for each observation (Nawaz, Ahmad, Hussain, & Bhatti, 2020). The CADF test can be
written in equation form as:

Ayye = a; + piVie—1 + doYer + Z?zo dj+1A_yt—j + ZZ:l CkbYie—i T Eit (7)

where, Ay, denotes the cross-sectional mean. Further, CIPS test statistics can be obtained by using CADF
statistics as follows:

CIPS= Y, CADF, 8)
2.3.3 Method of Moment Quantile Regression (MMQR)

The study has used MMQR estimation approach proposed by Machado and Silva (2019) to analyze the
relationship between dependent and independent variables across different quantiles which is a fixed
effect approach. As compared to traditional quantile regression techniques, MMQR is capable of taking
into account the unobserved heterogeneity in panel data, allowing individual effects to impact the entire
distribution (Zheng, Mousa, Mat Nawi, Nawaz, Hanif, 2024). This enables us to observe the conditional
heterogeneous covariance effects of the independent variables. As a renowned non-linear estimation,
MMQR also takes into account the location-based asymmetry of the dependent variable, as the location
of the dependent variable determines the estimated parameters. Moreover, instead of just moving
averages, the MMQR approach enables individual effects to impact the whole distribution and is highly
effective to apply when data contains endogenous variables (Sun et al., 2024). The basic equation of MMQR
is given in equation (8), which is used to assess the conditional quantile Qy(|X) as below:

Yie = a;+ X, ® + (& + Z' 1)Uy (8)

Where, (Ai + Z"it ) > 0) equal to 1 represents probability and (Ai, i) denote the fixed effects. Z shows the k
vector modules of X. The variation in equation (8) is shown in equation (9) as follows:

z;=2(X).j=1-k 9)

Where, Ux andX ' are identically distributed. Ui represents moment conditions which are orthogonal to
X'« series. We can alternatively write equation (9) as:

Qy (8! X'it) = (4,q(8) + ;) + Z's + Xie p 0 q(6) (10)

In above equation, the vector of all determinants is represented by X i.e., CE,GSC, Al, EG, RE and RD. Qy
(d| X ") shows the quantile distribution of the dependent variable Y and dependent variable constrains the
location of the independent variables. di (8)= Ai g () + Qi represents a scalar showing fixed effects (8’ ) in
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quantiles. The following optimization is solved to achieve the individual quantiles which are represented
by q(é).

Ming = ¥; X tn6 q(Rie — (4; + Z'iv)) (11)
And 0 (R)=TRT(R>0) + (6 — 1) Rl and (R < 0) represents the calculated operator.
2.3.4 Feasible Generalized Least Square (FGLS) Approach as Robustness Check

As a robustness check, we employed the FGLS estimation approach proposed by Parks (1967). In the
presence of CSD issue, FGLS estimator is efficient than the OLS estimator. FGLS is suitable linear
regression estimator in the presence of cross sectional correlation, serial correlation and
heteroskedasticity. FGLS regression approach is more efficient and consistent than OLS approach. FGLS
provides consistent, valid and efficient estimation when the time period component (T) is greater than the
cross-section (N) (Nuta et al., 2024). However, because it presumes that error terms are known, the FGLS
estimator has been criticized for underestimating standard errors (Abbas, Yang, & Lahr, 2024).

2.3.5 Dumitrescu and Hurlin (2012) Granger Causality Test

The above mentioned parameter estimators do not indicate the causal association among the study
variables. Therefore, to assess the direction of the causality among the variables, we apply the Dumitrescu
and Hurlin's (2012) “granger causality” test. The main advantage of this approach is its ability to analyze
imbalanced panel data and its efficient and robust estimation in the presence of the CSD and slope
heterogeneity problems (Igbal, Tang, & Rasool, 2023). The equation for this causality test is given as:

Vie = Qo + X5 1] yice—jy + X5 v xiemjy + € (12)

Where, x and y represent observables. The autoregressive parameters and regression coefficients are

represented by u{ and yij, respectively. The null hypothesis of the test assumes that there is no causal
association and the alternative hypothesis assumes that causal association exists among the variables.

» CSD Test » Dumetriscu and

* Slope Hurlin Granger
Heterogeneity Causality Test
Test - MMQR

» Unit Root Test Approach

» FGLS Regression

Source: created by the authors.

Figure 2. Structural Diagram of Supply Chain Emission Reduction Activities

The scheme of applied estimations is graphically shown in Figure 2.
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3. Results and Discussion

First of all, the study performs some preliminary tests before proceeding to formal empirical estimation. In
this regard, the descriptive statistics are given in Table 2 which reports the detailed description about all
data series including their mean, standard deviation, minimum and maximum values. The average value
of CE is 2580900 with standard deviation of 1810900. The minimum value of CE is observed for China in
2000 and maximum value is observed for Switzerland in 2022. Similarly, mean or average value of Al is
335.35 with value of standard deviation 818.86. Among all selected countries, Switzerland has the
minimum value (0.40) in 2004 and China has the highest value (5594.4) in 2023. Next, the values of mean
and standard deviation of GL are 0.000542 and 0.000242, respectively. The data range of GSC lies between
0.000154 and 0.000125 and minimum value is possessed by Singapore in 2022 and USA has the maximum
value in 2000. The mean and standard deviation value of RE are 15.219 and 15.122, respectively. The
minimum value of RE is observed for Singapore in 2000 and Sweden has the maximum value in 2021. RD
holds mean value of 2.713 and standard deviation of 0.737. China has the minimum value of RD in 2000
and South Korea has the maximum value in 2021. EG holds minimum value in 2000 in China and maximum
value in Switzerland in 2022. The mean and standard deviation of EG are 42956.51 and 19247.49,
respectively. Last, the value of mean and standard deviation of ERT are 100.2917 and 66.522, respectively.
The minimum value of ERT is observed in the USA in 2023 and maximum value is found for Germany in 2021.

Table 2. Results of Descriptive Statistics Analysis

Variables Mean Standard Deviation Minimum Value Maximum Value Jarque-Bera
Statistics
CE 2580900 1810900 2260800 8990900 123.6***
Al 335.35 818.86 0.400 5594.4 3034.1***
GSC 0.000542 0.000242 0.000154 0.000125 25.594***
RE 15.219 15.122 0.3000 57.900 43.378***
RD 2.713 0.737 0.893 4.930 0.067
EG 42956.51 19247.49 2193.897 90057.04 2.141%**
ERT 100.2917 66.52283 -23 216 14.8%**

Note: *** denotes significance at 1%.

Source: created by the authors.

Table 3. Correlation Matrix

Variables CE Al GSC EG RE RD ERT
CE 1.000

Al -0.006** 1.000

GSC -0.535 0.277 1.000

EG 0.0805 -0.140 -0.595 1.000

RE -0.088* -0.228 -0.208 0.206 1.000

RD 0.280 0.302 -0.017** 0.235 0.292 1.000

ERT 0.122 -0.317 0.036** -0.019** 0.408 0.166 1.000

Note: *&** represent 10% and 5% significance level.

Source: created by the authors.

Correlation matrix indicating the strength and direction of the association among concerned variables is
given in Table 3. The matrix indicates that only Al and RE are significantly correlated with CE and all other
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variables have no significant correlation with CE. Moreover, the value of correlation is less than 0.8 which
shows that multicollinearity problem does not exist in specified model.

Table 4 shows the results of the CSD analysis conducted to assess the absence or presence of the CSD
issue. The Pesaran (2004) test statistics are significant at 1% for all variables indicating that the issue of
CSD is presentin our data.

Table 4. Results of CSD Test

Variables Test statistics P-value
CE 18.354*** 0.000
Al 31.119*** 0.000
GSC 30.288*** 0.000
RE 13.162*** 0.000
RD 15.629*** 0.000
EG 31.402*** 0.000
ERT 8.853*** 0.000

Note: *&** represent 10% and 5% significance level.

Source: created by the authors.

Likewise, the test statistics for slope heterogeneity test are given in Table 5. The highly significant test
statistics strongly reject the null hypothesis of slope homogeneity revealing that slope heterogeneity exists
in our data.

Table 5. Results of Slope Heterogeneity Test

Dependent variable=CE Test stat P-value
Delta tilde 7.680*** 0.000
Adjusted delta tilde 9.416*** 0.000

Note: *** denotes significance at 1%.

Source: created by the authors.
Table 6 presents the results of the “cross-sectional augmented IPS” (CIPS) and “cross-sectional
augmented Dickey Fuller” (CADF) panel unit root tests proposed by (Pesaran, 2007). On the basis of the

findings, we are able to conclude that panel data series have mixed order of integration as some of the
series are stationary at first difference and some data series are stationary at level.

Table 6. Results of Unit Root Tests

Variables CIPS CADF
Level First Difference Level First Difference

CE -1.992 -4.435%** -1.739 -3.246%**
Al -3.276%** e -1.879 -3.104***
GL -1.703 -4.204*** -2.046 -3.194***
RE -1.252 -4.184%** -0.990 -4.184%**
RD -2.542%*% e -2.059 -2.896%**
EG -1.462 -3.217*%** -2.001 -2.824%**
ERT -0.904 -3.609*** -0.955 -2.333***

Note: *** & ** denote significance at 1% and 5%.

Source: created by the authors.
This study employed MMQR method for parameter estimation and the outcomes indicating the

relationship between dependent and independent variables are given in Table 7. According to the

TRANSFORMATIONS IN BUSINESS & ECONOMICS, Vol. 25, No 1 (67), 2026



Y. Li, S.M. Salman, P. Altantsetseg, J. 64 E-ISSN 2538-872X
Pardaev, N. Hoang Tien

Fostering Transformative Shifts in Sustainability and Environmental Behaviour

outcomes, Al has a significant positive impact on CE with decreasing magnitude from lower to higher

quantiles. For each unitincrease in Al, CE increases by 0.031 to 0.070 units from 1st to 9th quantiles. This

finding implies the relevance of Al in promoting sustainable CE in technologically advanced countries. Al

has the potential to facilitate all central principles of CE such as it optimizes resource consumption,

enhances waste management, and aid in efficiently manage the product lifecycle (Bashynska, Prokopenko,
2024). The outcome is consistent with Onyeaka et al. (2023) who argued that Al possesses the potential to

find out the opportunities for the management and recycling of the waste materials which are important

determinant of CE. Likewise, the findings are consistent with Roberts et al. (2024) who claimed that Al help

in designing sustainable robust products and aid in new business models.

Table 7. Results of MMQR Estimation

Seriez Location  Scale Quantiles
0.10 020 0.30 0.40 0.30 0.60 0.70 0.80 0.90
Al 0.052%%% 0.0123% 0.0310 0.037%= 0.043%= 0.047%% 0.0525%%%  0.059%+* 0.0627%+% 00658+ 0.070%=%
(0.000) (0.090) (0.149) (0.049) (0.004) (0.002) (0.000) (0.000) (0.000) (0.000) (0.000)
GSC -0.383%* -0.169%+* -0.089 -0.172%* -0.257%%= -0.310%*= -0.385%= -0.475%%= -0.525%%= -0.525% -0.627%**
(0.000) (0.000) (0.249) (0.013) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
EG 0.0000%** -0.0003%== 0.00003%* 0.00003%*=  0.00003%* 0.00003%* 0.00003%#=  0.00003%* 0.00002%* 0.00002%* 0.00002%*
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
RE -0.0226%=*  (0.0014 -0.025%*= -0.0244%=  00236%=*  -0.023%*= -0.0225%==  _0.0217*=*  _0.0214%=*  _00210%=* -0 020%*==
(0.000) (0.130) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
RD 0.139%=% 0.0013 0.137%= 0.137%= 0.135%==* 0.135%=% 0.1397%%% . 1403%** 0.140%=* 0.141%=% 0.141%=%
(0.000) (0.929) (0.007) (0.002) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
ERT 00041+ 0.0005%% 0.0032%%% 0.0035%*%% 00037+ 0.0030%+# 0.0041%%% 0 0044%** 0.0045%+% 0.0047%%% 0.0049%%%
(0.000) (0.014) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

Note: ***, ** and * denote significance at 1, 5 and 10 percent and p-values are given in parentheses.

Source: created by the authors.

The other important finding shows that GSC measured by GL is significantly and negatively related to CE.
Aone unitincrease in GL leads to 0.089 to 0.624 units decrease in CE from 15to 9" quantiles. This outcome
implies that GL activities are not conducive to promote CE practices in concerned economies. A possible
justification of this unexpected and contradictory finding can be the interdependencies of different GSC
activities and therefore the efforts in one area compromise the sustainability in other areas. For example,
reusable packaging systems reduce costs and enhance resource efficiency but also increase the number
of logistics routes which increase the energy use and transport related emissions which create hindrance
to adopt CE practices (Zhou, Siddik, Zheng, Masukujjaman, 2023). The outcomes of the study are in-line
with Torasa and Mekhum (2020) as they found that GL are negatively related to recycling of waste material.
However, the findings are not in line with Jinru et al. (2022) as the authors claimed the positive impact of
GL on CE in manufacturing firms in China. The findings are also in contradiction with the findings of Torasa
and Mekhum (2020) as the authors found that logistic operations help promote recycling rate in ASEAN
countries.

In contrast, RD indicates positive association with CE. For one percent increase in RD, CE increases by
0.137 to 0.141 units from 1st to 9th quantile. This expected relationship between RD and CE is supported
by the findings of Hammar and Belarbi (2021) who found that in some cases, RD affects CE positively.
Likewise, the outcomes of Ildirar, Ozmen, and iscan (2016) favour our findings as they argued that RD

TRANSFORMATIONS IN BUSINESS & ECONOMICS, Vol. 25, No 1 (67), 2026



Y. Li, S.M. Salman, P. Altantsetseg, 65 E-ISSN 2538-872X
J. Pardaev, N. Hoang Tien
Fostering Transformative Shifts in Sustainability and Environmental Behaviour

expenditures play positive role in promoting resource productivity. However, the findings of Robaina et al.
(2020) are not consistent with the outcomes of the present study and the authors argued that research and
development investments might not be for made in areas which are necessary for improving productivity.
As far as the impact of EG on CE is concerned, the estimates shows that increase in economic growth
facilitate CE practices in technologically advanced countries. A one unit increase in EG is predicted to
increase CE by 0.00003 to 0.00002 units from 1st to 9th quantiles, respectively. This finding is in line with
Upadhayay et al. (2023) who conclude that increase in EG shows the expansion or growth of an economy
which brings many opportunities to employ and practice circular economy strategies. Likewise, Aydinbas
and Erding (2023) also strongly favor our findings by concluding the favourable contribution of EG in CE in
European countries.

Unexpectedly, it has been observed that RE fails to ensure CE in technologically advanced countries. The
significant and negative coefficients denote that a one percent rise in RE reduces CE by 0.025 to 0.020
units from lowest to the highest quantile. The findings are contradictory to Robaina et al. (2020) who argued
that RE has positive association with CE. Lastly, the coefficient of ERT is also statistically significant and
positive across all quantiles. A one percent increase in ERT is found to increase CE by 0.0032 to 0.0049
units from 1%t to 9™ quantiles. This finding indicates that shifting of the tax burden from capital and labour
helps improve competitiveness and productivity (Robaina et al., 2020). The finding is in-line with
Siedschlag, Meneto, and Tong Koecklin (2022) as the authors find that environmental regulations increase
green innovations use by firms which enhances CE practices. Likewise, Milios (2021) support our results
by arguing that CE is a complex process which can be facilitated by proper policy interventions.

Table 8. FGLS Estimates for Robustness Check

Coefficient P-value
Al 0.052*** 0.000
GL -0.383*** 0.000
RE -0.022%** 0.000
RD 0.139*** 0.000
EG 0.00003*** 0.000
ERT 0.0041*** 0.000

Note: *** and * indicate significance at 1 & 5%, respectively.

Source: created by the authors.

Table 9. Results of Granger Causality Test

Null hypothesis Z-bar statistics Prob-value
GSC does not homogeneously cause CE 3.991*** 0.000
CE does not homogeneously cause GSC 1.904** 0.050
Al does not homogeneously cause CE 2.294** 0.021
CE does not homogeneously cause Al 3.419*** 0.000
EG does not homogeneously cause CE 2.333** 0.019
CE does not homogeneously cause EG 0.063 0.949
RE does not homogeneously cause CE 0.276 0.782
CE does not homogeneously cause RE 0.709 0.477
RD does not homogeneously cause CE 0.993 0.320
CE does not homogeneously cause RD 3.675*** 0.000
ERT does not homogeneously cause CE -0.671 0.501
CE does not homogeneously cause ERT 0.892 0.371

Note: *** and * indicate significance at 1 & 5%, respectively.

Source: created by the authors.

TRANSFORMATIONS IN BUSINESS & ECONOMICS, Vol. 25, No 1 (67), 2026



Y. Li, S.M. Salman, P. Altantsetseg, J. 66 E-ISSN 2538-872X
Pardaev, N. Hoang Tien

Fostering Transformative Shifts in Sustainability and Environmental Behaviour

As arobustness check, we re-estimate the model using the FGLS estimator and corresponding results
are reported in Table 8. The similarity of the significance and sign of the estimates from both methods es-
tablish the robustness of the findings across the regression techniques used in this study. Finally, the ro-

bustness check is followed by the granger causality testing.
:> Economic
< S—
Renewable
Energv <:> <:
<:> <I> GreenSupply
Chain

Figure 3. Granger Causality Analysis (Visual Representation)

Artificial

Intelligence

Source: created by the authors.

Table 9 reports the findings of panel causality analysis. We find that bidirectional causality is present
between Al, RE, ERT and CE. RD is found to cause CE and CE is found to cause EG in unidirectional way.
However, no causallinkis found to be present between GSC and Al. Figure 3 provides visualrepresentation
of the granger causality analysis.

Conclusions and Policy Implications

Attainment of the target of carbon-neutral by 2050 requires undertaking efficient measures such as CE
practices which are helpfulin mitigating the CO2 emission levels. In this regard, the present study explored
the relationship between GSC, Al and CE in the context of most technologically advanced countries over
2000 to 2023 period. Using advanced econometric techniques such as MMQR and FGLS, the study has
indicated that Al facilitates but GSC does not promote CE practices in concerned countries. As farasthe
role of pertinent control variables is concerned, the findings have revealed that economic growth,
environmental taxes promote, but research and development promote and renewable energy hinder the
CE in concerned countries. Thus, the research highlights that the significance of Al and GSC practices
regarding the implementation of CE initiatives to achieve CN target by 2050.

In order to reach this target as quickly as possible, the study suggests some worthy policies to maximize
the contribution of Al to expedite the CE practices. First of all, governments must provide tax incentives
and grants for research and development in Al-driven CE technologies and update regulations to facilitate
Al-driven recycling and sorting technologies. More tax breaks should be offered to the business to
implement CE practices like closed loop recycling using Al technologies. Likewise, government should
subsidize Al driven practices for recycling, waste management and sorting. Second, as GL is observed to
hinder CE practices, the governments should enact strict standards for managing end of life logistics and
raw material sourcing to ensure compliance with CE principles. The government must provide tax breaks
and subsidies for businesses which willingly adopt closed-loop supply chains and use recycled materials
in logistics. Moreover, the research activities must be encouraged for promoting green logistics
technologies including smart routing, energy efficient vehicles and low-impact packaging. These practices
would help ensure that GL contribute significantly to CE objectives.
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Besides the theoretical and empirical contribution to the literature, the limitations of the study are
importantto be acknowledged. The main limitation of the study is that it focused on top ten technologically
advanced countries which can restricts the generalizability of its findings to other countries and regions
having different environmental and economic conditions. For more generalized understanding of the role
of GSC and Al in CE, future research studies must broaden up the scope by adding more countries from
different geographical regions. Second, to have understanding of their role in CE, future research studies
can be conducted at local level using macro level data of individual countries. Third, the study used Al and
GL to measure industry 4.0 and GSC and ignore several other measures such as block-chain technologies,
internet of things, cloud computing and green practices in manufacturing process which can be used by
future research studies to provide more comprehensive role of these practices in CE. Furthermore, in order
to compare the results, this study might also be carried out using different methodologies such as CS-
ARDL, CCEMG, AMG, DCCEMG etc. as part of future research directions.
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ZALIOSIOS TIEKIMO GRANDINES IR PRAMONE 4.0 SKATINAMOS ANGLIES NEUTRALUMO
PRAKTIKOS TECHNOLOGISKAI PAZANGIOSE SALYSE: ZIEDINES EKONOMIKOS
PERSPEKTYVA

Yuanjian Li, Syed Muhammad Salman, Purevdulam Altantsetseg, Jamshid Pardaev, Nguyen
Hoang Tien

Santrauka. Globalus at$ilimas ilieka nuolatine problema, kuriai spresti reikalingi plataus masto
sprendimai. Pernelyg didelé priklausomybé nuo neatsinaujinanciy idtekliy ir spartéjanti industrializacija
[émé augancius atlieky kiekius, todél batina kurti veiksmingas strategijas, iki 2030 m. leidziancias
sumazinti CO, emisijas ir iki 2050 m. pasiekti nulinés tarSos tikslg. Siekiant anglies neutralumo itin
svarbi Zaliyjy praktiky ir Ziedinés ekonomikos rySio analizé. Tyrime nagrinéjama, kaip Zalioji logistika ir
dirbtinis intelektas formuoja Ziedine ekonomikg, atsizvelgiant j tokius veiksnius kaip ekonomikos
augimas, moksliniai tyrimai ir eksperimentiné plétra, aplinkosaugos mokesciai ir atsinaujinanti energija.
Tyrimas apima technologiSkai paZzangias ekonomikas 2000-2023 m. laikotarpiu. Tyrime taikytas
Momenty metodo kvantiliy regresijos (MMQR) pozidris. Analizés rezultatai atskleide, kad dirbtinis
intelektas teigiamai veikia Zaligjg logistikg, taiau neturi statistiS8kai reikSmingo poveikio ziedinés
ekonomikos praktikoms tirtoje imtyje. Taip pat nustatyta, kad atsinaujinantys istekliai ir moksliniai tyrimai
bei eksperimentiné plétra tiesiogiai neveikia Salies ekonomikos augimo, ta¢iau ekonomikos augimas ir
aplinkosaugos mokesciai reikSmingai veikia ziedinés ekonomikos principus. Siekiant patikrinti rezultaty
patikimumg, papildomai taikytas jgyvendinamas apibendrintyjy maziausiy kvadraty metodas (FGLS),
kuris patvirtino MMQR iSvadas. Remiantis tyrimo rezultatais, politikos formuotojams rekomenduojama
stiprinti paramg tvarioms Zzaliyjy logistikos operacijoms ir dirbtinio intelekto technologijoms, siekiant
pasiekti anglies neutralumo tikslus.

Reiksminiai $od%iai: anglies neutralumas; pramoné 4.0; zalioji tiekimo grandiné; Ziediné ekonomika;
technologi$kai pazangios 3alys.
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