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Abstract: This study fills a gap created by previous environmental investigations by including the
impact of agricultural employment and technology on the load capacity factor (LCF) rather than solely
focusing on CO2 or greenhouse gas (GHG) emissions, which only measure from the demand side; LCF
provides a complete picture of environmental degradation by evaluating both the demand side and
supply side. This connection is moderated further by considering the renewable energy and natural
resource rent impacts. In this analysis, panel econometric methods are incorporated, including the
cross-sectional dependence test. This study uses the Pooled Mean Group–Autoregressive Distributed
Lag (PMG-ARDL) model to evaluate the level of effect independent factors had on the LCF of the
BRICS (Brazil, Russia, India, China, and South Africa) nations from 1992 to 2020 in the presence of a
heterogeneous integration order. The estimations recognize heterogeneity in the effects of agricultural
employment, renewable energy, natural resource rent, and technology on LCF, in the short run and
long run. According to the empirical results, agricultural employment significantly enhances the LCF
both in the short run and long run, implying that employment in agriculture improves environmental
sustainability. However, increasing the use of renewable energy protects the environment from
degradation only in the long run; it has no significant impact in the short run. On the contrary, natural
resource rent and technology lead to a decline in environmental sustainability in the long run. Hence,
this study recommends prioritizing renewable energy intake over other energies, providing proper
incentives to motivate agricultural entrepreneurship to ensure a sustainable environment.

Keywords: load capacity factor; agricultural employment; natural resource rent; PMG-ARDL;
environmental sustainability

1. Introduction

The sustainable growth of a country aims to meet present needs without endangering
environmental sustainability for future generations [1]. However, one of the biggest prob-
lems in the world today is the continuous and growing degradation of the world’s natural
resources and its atmosphere, which impedes sustainable development both for developing
and developed countries [2]. As the global economy expands, so does the demand for
fossil fuels, the rate of woodland loss, and the number of manufacturing operations; all
these factors contribute to the release of GHGs into the atmosphere, which comes with an
overall rise in surface temperatures and other major environmental alterations [3]. Since
1880, the average global temperature has increased by 0.14 ◦F every decade, and this rate
increased by 0.32 ◦F from 1981 onwards—more than two times as rapidly [4]. In this regard,
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the Paris Convention’s adoption of COP21 drew attention to the fact that while several
ecological issues are immediately confronting the world, appropriate climatic efforts are
lacking [5]. In light of this consideration, experts express apprehension regarding the
environment, while international organizations have been actively endeavoring to enhance
public comprehension regarding the significance of sustainable practices. There have been
several renowned programs, such as the Kyoto Protocol, Paris Agreement, Conference of
Parties (COP) meetings, and UN Sustainable Development Goals (SDGs), aimed at achiev-
ing environmental and economic sustainability by shifting to a greener, more efficient
economy through increasing the use of green technology, reducing natural resource rent,
and ensuring GHG emission reduction through renewable energy.

As yet, most studies have focused on GHG or CO2 emissions—representing only
air pollution—as an environmental indicator [6–9], while others have taken ecological
footprint (EF) into account [10–12]. However, these parameters only account for human-
caused environmental harm, not how nature reacts to such harms, and GHGs, CO2, or
EF indicators disregard the input or supply side of the ecosystem as well as the country’s
or society’s environmental capacity. Consequently, to account for the supply side of the
ecosystem, Siche et al. [13] developed a new index, called the Load Capacity Factor (LCF),
as a ratio of biocapacity to EF; this indicator is intended to determine the possibility of
biological capacities to absorb EF [14]. The term “biocapacity” is used to describe the
ability of ecological systems to meet human needs. EF, on the other hand, represents
the environmental strain caused by human actions. When the value of LCF is equal to
one, it indicates that the community or the country has an environmental capacity that
is equal to its emissions, indicating the limits of sustainability. When the LCF value is
greater than one, it indicates that the environment is still able to absorb EF, and this
community has environmental sustainability. When the index drops below one, it indicates
the deterioration of environmental capacity and the inability to absorb EF, which indicates
that the environment is not sustainable in this case [13,14]. The LCF is intrinsically related
to the SDGs, which stress the importance of maintaining a balanced environment across
land, sea, and air. Therefore, the utilization of LCF as an environmental indicator offers
valuable guidance to the authorities of BRICS nations (Brazil, Russia, India, China, and
South Africa) in assessing environmental challenges. This is particularly relevant as these
nations have experienced a decline in environmental sustainability over the past few
decades, as evidenced by the decreasing value of LCF (Figure 1).
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Previous research identifies multiple possible causes, including trade liberalization,
the inflow of foreign investment, and the use of fossil fuels, as key drivers of the worldwide
environmental crisis [1]. However, researchers recently started to link agriculture [1,15–18]
and technology [19–23] with the environment. Most of the developing nations look to agri-
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culture as the primary driver of economic expansion; this industry involves the excessive
use of energy and chemicals in the processes of higher agri-production. Some researchers
have linked this sector to greenhouse gas emissions and global warming, and others have
called it “ultrasensitive” to climate change [24,25]. The usage of non-renewable energy
such as natural gas and fossil fuels along with other chemical products may have increased
production but also brought about significant climate changes. According to Charles, the
food production sector is responsible for 37% of global GHG emissions, with approximately
13–21% coming from the agricultural sector [26]. An uptick in agricultural employment
could help cut down on pollution and energy consumption. Agricultural employment
exerts a substantial influence on the regenerative and absorptive capabilities of crop residue
pollutants [27]. In the agriculture sector, the implementation of green jobs in particular aids
in lowering energy combustion, safeguarding and restoring ecological systems and biologi-
cal diversity, and even helping to lower the emission rate by reducing contamination [28].
Hence, it helps to ensure a sustainable environment. The BRICS countries heavily depend
on the agriculture sector, either directly or indirectly, for their major supplies of staples or as
suppliers of raw materials for industry. Consequently, a significant proportion of the labor
population is engaged in the agricultural sector as a means of sustenance, contributing to
the production of food and other commodities. This situation potentially has implications
for the environmental circumstances of these nations.

The potential environmental consequences associated with the income generated by
the sale of natural resources warrant consideration. According to ref. [29], if a nation
utilizes these revenues to sustain present spending rather than allocating them toward
capital investment and infrastructure development, it leads to a rise in pollution. To ensure
growth, developing nations need to extract and consume more natural resources in order to
increase their output, which will increase their production of hazardous materials [30]. So,
there is a direct consequence of the widespread usage of resources in these sectors, resulting
in a higher degree of pollution. Natural resource depletion is vital for development, but
over-extraction of natural resources is a major contributor to higher energy consumption,
which in turn causes larger carbon footprints [31] and hampers sustainability. Moreover,
previous studies [12,31] have established a correlation between natural resources and
the environment. The environmental dynamics of the BRICS nations, characterized by
a significant population density and predominantly human-made surroundings, have
been shaped by the extensive use of natural resources and fast urbanization. Due to
significant advancements in these countries, there has been a notable depletion of natural
resources, leading to the emergence of environmental issues that need appropriate attention
and resolution.

According to ref. [32], advanced technological innovations are crucial for achieving
long-term prosperity. Therefore, technological advancement is worthy of consideration
when studying environmental conditions because it is vital in improving the use of energy
and reducing the resultant pollution. Encouragement of the adoption of sophisticated
technologies that enable clean and cost-effective energy use can reduce emissions. New
technologies are being developed in a way that requires far less energy than their predeces-
sors while the output supply remains uninterrupted [33]. To achieve sustainability in both
environmental and economic terms, the world at large has been moving towards the use
of greener technologies and alternative sources of energy such as renewable energy [14].
Nevertheless, it is important to acknowledge that all technologies, regardless of their use in
agriculture, energy, or environmental sectors, have the potential to contribute to the carbon
footprint. Consequently, it is imperative that technological advancements are pursued in
a manner that aligns with ecologically sustainable practices and facilitates the promotion
of the green transition. By using greener forms of energy, the world can lessen its carbon
footprint through energy efficiency and ultimately protect the environment [34]. Moreover,
using traditional renewable energy sources including hydro, solar, biomass, and wind
power can lower the cost of energy imports [35]. This is why many countries are making
the transition towards renewable energy sources. Consequently, there is a pressing need
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for studies to focus on agriculture, natural resource rent, technology, and renewable energy
sources in the environmental context. Both lawmakers and governments will benefit from
this connection as they make the transition toward sustainable economic growth and better
environmental conditions. Considering the discussion above as a foundation, this study
attempts to trace the following research questions (RQs):

RQ1: To what extent will the environmental sustainability of BRICS nations be affected
by agricultural employment and technological innovation?
RQ2: How do renewable energy and natural resources contribute to the environmental
sustainability of the BRICS nations?

The current study presents a number of contributions to the existing corpus of knowl-
edge, as follows: (1) Rather than GHGs, CO2 emissions, or EF, this study considered LCF as
an environmental indicator to elucidate both the demand and supply sides as well consider
both EF and biocapacity. (2) The current study addresses a gap in the existing literature
by examining the influence of agricultural employment on BRICS environmental sustain-
ability, especially considering the absence of previous studies on LCF and the paucity
of studies considering agricultural employment. (3) This study aims to provide a more
precise analysis of the mixed effects of natural resource rent, technological innovation,
and renewable energy in shaping the environmental conditions of the BRICS nations.
Consequently, the research will offer substantial measures to address the environmental
challenges alongside the promotion of long-term economic growth in BRICS nations.
(4) Finally, this study employs a range of panel data econometric methodologies, including
the Pooled Mean Group–Autoregressive Distributed Lag (PMG-ARDL) approach, account-
ing for cross-sectional dependency, to provide a robust estimate. The outcomes of this
model can be considered in creating environmental policies in this region, taking into
account the advancements in technology and the shift in agricultural labor forces.

Why BRICS?

Urbanization and industrialization have contributed significantly to global economic
development in recent decades. In particular, the BRICS (Brazil, Russia, India, China,
and South Africa) nations have grown dramatically, with an average yearly expansion of
6.5% [36] and an increase in contribution to the world economy of 31.5% [37]. Natural
resources form a significant part of the BRICS states’ economic activities, accounting for
approximately 3–15% of the GDP [38]. Moreover, consistent advancement in technology
has boosted economic development but has also brought up massive environmental issues,
most notably, increased carbon dioxide emissions [39]. The BRICS countries’ GDP is built in
large part on agricultural activity [40]. Even though they are transitioning away from fossil
fuels, their renewable energy use is significantly lower than that of wealthy nations [41].
According to LCF analysis, BRICS’ high EF in comparison to biocapacity has harmed the
environment; this is especially true of India, China, and South Africa. Figure 1 presents
the trends of LCF for BRICS nations. China has an EF of 5.3 gha in 2023 [42], with its
biocapacity surpassing 302% of its EF as of 2017 [43], whereas this percentage is 171% in
the case of India [44]. The BRICS nations are currently the top polluters worldwide, and
their emission levels have been steadily rising for decades [45]. However, because of the
2015 Paris Agreement and COP26 in 2021, the BRICS countries have agreed to help reduce
emissions and are now participants in the challenge to achieve net-zero emissions by 2050.
Therefore, it is important to possess a comprehensive understanding of the causes and
patterns of pollution protection in these nations to adequately address the escalating issue
of environmental degradation.

2. Literature Review

Scholars have been concerned about the achievement of ecological sustainability due
to the rapid degradation of the natural world. This pursuit involves the examination of
the current condition of the environment, the identification of factors contributing to this
degradation, and the implementation of corrective measures aimed at achieving environ-
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mental sustainability goals. Hence, this section provides a comprehensive assessment of
the existing literature pertaining to variables related to environmental sustainability.

2.1. Renewable Energy and Environment Nexus

Previous studies extensively acknowledge the significance of renewable energy as
a crucial factor in determining environmental sustainability. There is a growing body
of research in favor of renewable energy transition policies on a worldwide scale. For
instance, ref. [46] found that the environmental standard of BRICS-T (Brazil, Russia, In-
dia, China, South Africa, and Turkey) countries increases as a result of increased use of
renewable energy consumption, and it is positively associated with LCF. Samour et al. [47]
reported similar findings for the 1990–2018 period and likewise concluded that the state
of the environment can be improved by increasing the utilization of energy from renew-
able sources. Using three different models—PMG, MG, and PNARDL—Adebayo and
Samour [48] demonstrated how the increased use of renewable energy in BRICS nations
contributes to environmental sustainability as estimated by LCF. They also found a positive
correlation between renewable energy and environmental conditions. A comparable study
was conducted by Dogan and Pata [49], who analyzed the effect of renewable energy
utilization on LCF for the G7 countries from 1986 to 2017. The empirical results show that
using renewable energy sources is crucial for increasing the G7 countries’ LCF over the
long term.

Similarly, Dam and Sarkodie [50] found that the usage of renewable energy stimulates
the LCF and helps to achieve a sustainability in selected OECD nations. This line of justifi-
cation is also supported by Shang et al. [51] for ASEAN nations and Pata and Samour [52]
for OECD countries. Another study confirmed that using renewable energy promotes envi-
ronmental sustainability; the effect is magnified when renewable energy costs are combined
with renewable energy usage [53]. However, ref. [54] showed that the use of renewable
electricity did not affect the LCF and environmental sustainability. Hence, most of the
literature supports the role of renewable energy in improving environmental sustainability.

2.2. Natural Resource Rent and Environment Nexus

Because of the potential for environmental damage during resource extraction, reme-
diation, and consumption, several researchers have analyzed the consequences of natural
resource rent on the environment. For instance, using CS-ARDL, Zhao et al. [55] analyzed
its impact from an LCF perspective. According to their findings, the BRICS-T countries’
natural resource use has had a detrimental impact on the environment by lowering the
LCF over the long and short term. Ni et al. [56] shared similar insights for high-resource-
consuming countries. Long-term results of the ARDL approach show that excessive reliance
on natural resources for growth significantly reduces the LCF and moves away from the
goal of environmental sustainability. Under the load capacity curve (LCC) hypothesis in
BRICS, Yang et al. [57] found that the resource rent factor negatively impacts the environ-
ment by lowering the LCF. Moreover, Li et al. [58] revealed that the total natural resource
rent (i.e., the rent of minerals, natural gas, oil, and coal), along with globalization and
economic growth, diminish the LCF and thus stimulate the degradation of the environ-
ment of Next-11 nations. In line with these studies, another investigation by Ibrahim and
Ajide [59] on BRICS economies that included total natural resource rents, the development
of financing, and regulatory effectiveness evidences an upsurge the degradation.

However, Pata and Ertugrul [60] demonstrated a counterintuitive comprehension for
India, arguing that natural resource rent supports improvements in environmental quality
through increasing the LCF over the 1988–2018 timeframe. Another study by Sun et al. [61]
also found a positive association between natural resource rent and LCF for 17 Asian-Pacific
Economic Cooperation (APEC) countries. Furthermore, the study of Balsalobre-Lorente
et al. [62] claimed that natural resources replace highly emitting energy sources, paving
the way toward environmental sustainability goals. Wang et al. [63] argued that increased
natural resource rents promote ecological improvement via freer commerce. Their findings
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implied that the nation’s base of natural resources deserves to be taken into full account in
the evolution of trade liberalization.

2.3. Agriculture and Environment Nexus

The involvement of agriculture in environmental degradation has been the subject of
recent research. Some studies have focused on the consequences brought on by human ac-
tivities, including fishing, dairy production, and agriculture, on the environment. Ridzuan
et al. [64] demonstrated that the crops and fisheries segment of agriculture significantly
reduced carbon emissions in the 1978 to 2016 period. Meanwhile, some other studies
focus on the nexus between agricultural productivity and environmental sustainability. For
instance, using DOLS and FMOLS methods and data from 1990 to 2014, Balsalobre-Lorente
et al. [16] determined the negative effects of agriculture on the natural environment for
BRICS economies. In the case of Bangladesh, Raihan et al. [18] found that CO2 emissions are
reduced when agricultural productivity increases. Adapting the ARDL approach, Prastiyo
et al. [17] found that CO2 emissions increase along with economic growth and urbaniza-
tion, whereas value-added agriculture negatively impacts emissions and hence improves
environmental conditions. According to Muoneke et al. [65], when it comes to addressing
ecological sustainability, the farming sectors perform beyond the threshold required to
maximize the growth advantages provided by the agricultural system. However, Pata [1]
found no significant effect of agriculture on the ecological footprint of BRICS countries.

The sustainable development of regions, food safety, and environmentally friendly
agricultural production have all been the primary focus of prior agricultural research [66,67].
Beyond this, Jiang et al. [27] investigated the connection between agricultural employment
and environmental pollution. Their empirical findings revealed that employment in agri-
culture exaggerates environmental damage by increasing the EF. Thus, the literature review
reveals that the relationship between employment in agriculture and environmental deteri-
oration is not as well-studied as other topics in the field.

2.4. Technological Innovation and Environment Nexus

The impact of technology innovation on environmental sustainability objectives has
been the subject of multiple studies. For example, taking LCF as a measure of environ-
mental conditions, Mehmood et al. [68] utilized Cross-Section Improved Autoregressive
Distributed Lag (CS-ARDL) estimation. The empirical results show that technological
advances are good for the health of the environment. Ref. [19] examined the effect of
technological development on the environmental impact of Brazil, India, China, and South
Africa from 1990 to 2016; the results show that technological development has helped
reduce environmental damage. Awosusi et al. [22] also support this trend of achieving en-
vironmental sustainability through technological adoption. A pair of recent studies [20,69]
also acknowledged the role of technology in mitigating environmental degradation within
G7 nations. Additionally, Wahab et al. [20] specifically highlighted that the adoption of
technology has resulted in a reduction in consumption-based CO2 emissions. However,
the ARDL estimation for the USA found no significant impact of clean energy technologies
on LCF [70].

There exist opposing perspectives that technical advancements have a role in degrad-
ing environmental sustainability. Jahanger et al. [2] studied the nexus between technological
innovation and environmental sustainability. Their findings indicate a negative correlation
between the level of technological innovation and the LCF in the top SDG nations. Also, a
study by Su et al. [21] provides evidence that the degradation of the Brazilian environment
is a result of higher carbon emissions from new technologies. Similar insight was shared by
Khan et al. [71] for the Belt & Road Initiative (BRI) countries. The impact of technological
innovation on environmental degradation is significant, boosting the combustion of energy
and thus carbon emission in these countries.
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2.5. Literature Gap

Overall, the previous literature did not settle on a unified conclusion about the re-
lationship between natural resource rent, technological innovation, renewable energy,
agriculture, and the environment. Most studies focused on CO2 emissions or EF rather
than LCF; moreover, there is no study on the impact of agricultural employment and tech-
nological innovation on the LCF in the BRICS context. In light of this knowledge vacuum,
it makes sense to study how changes in agricultural employment and technology affect
BRICS nations’ LCFs. Furthermore, a more robust PMG-ARDL estimator, which displays
both short-run and long-run effects, is used in the present work to address the various
econometric difficulties of the earlier investigations. This means that the findings of the
current study are more accurate and efficient than those of previous research.

3. Materials and Methods
3.1. Data Description

Based on previous research [43,72,73], the current investigation used the LCF—an
environmental indicator— as the dependent variable. The LCF compares biocapacity and
EF to describe a certain ecological threshold. The quality of the environment improves if the
LCF rises. LCF data were collected from the Global Footprint Network database [42]. Four
different independent variables were selected. First, many recent papers have considered
renewable energy as one of the core factors that improve environmental sustainability by
reducing emissions [48,74,75]. Second, natural resources have attracted much attention
in previous studies [76–78]. Due to the heavy reliance of BRICS nations on natural re-
source extraction in the production process, it is relevant to include. Third, technological
advancement has led to severe unfavorable climatic implications [79]; on the other hand, it
may improve environmental conditions through green transformation. So, the importance
of technical advancement should not be overlooked when looking at the root causes of
environmental degradation. Although these three factors were of huge concern previously,
researchers paid little attention to the impact of agricultural employment on environmental
states. In this regard, the present study selected these factors to be investigated from an
environmental perspective. The World Development Indicator (WDI) served as the primary
source of these variables. This study focuses on Brazil, Russia, India, China, and South
Africa (together referred to as BRICS). The multivariate yearly panel dataset from 1992 to
2020 is used in this work for empirical analysis, and the availability of data justified this
timing. Detailed information on the variables is presented in Table 1.

Table 1. Descriptive analysis of the variables.

Variable Signifier Unit of Measurement Sources

Load capacity factor LnLCF Biocapacity/ecological Global footprint network
Natural resource rent LnNR % of GDP WDI
Technological innovation LnTI Total patent applications WDI
Renewable energy use LnRE % of total final energy consumption WDI
Employment in agriculture LnEA % of total employment WDI

The LCF is measured as the ratio of biocapacity (gha per capita)/ecological footprint
(gha per capita). The aggregate of natural resource rents includes oil rents, natural gas
rents, coal rents (both hard and soft), mineral rents, and forest rents. The calculation of
natural resource rents involves determining the difference between the market price of
a given commodity and the mean production cost associated with its extraction. It is
measured as the percentage of total Gross Domestic Product (GDP). The utilization of
total patent applications serves as a surrogate measure for technological innovation, as
shown in the literature, while renewable energy usage is measured as the percentage of
total energy consumption. Moreover, the measurement of employment in the agricultural
sector pertains to the entire labor force involved in agricultural activities, expressed as a
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proportion of the total employment within the economy. All variables were transformed
into natural logarithmic (Ln) form to be considered elasticities.

The descriptive matrix regarding the aforementioned variables is shown in Table 2.
Technological innovation has the highest mean and median value, LnLCF has the lowest
maximum value, and LnNR has the lowest minimum value. The variables LnLCF, LnRE,
and LnEA have a normal distribution, as evidenced by skewness and kurtosis. In terms of
these two statistic values, the LnTI is not normally distributed, while the Jarque–Bera test
resolves it: the probability value of the Jarque–Bera statistic contests this and asserts that
LnTI follows a normal distribution.

Table 2. Preliminary statistics of the variables.

LnLCF LnNR LnTI LnRE LnEA

Std. Dev. 0.400682 0.318322 0.601874 0.421866 0.302236
Mean −0.127236 0.607688 4.432038 1.230212 1.339097
Median −0.332433 0.582875 4.397923 1.268812 1.275416
Max 0.646486 1.332493 6.188085 1.711723 1.800126
Min −0.644104 −0.063600 3.496930 0.502427 0.765912
Skewness 0.633827 0.365847 1.179001 −0.512297 0.016533
Kurtosis 1.950573 2.615913 4.378257 1.834208 1.817678
Jarque-Bera 1.36231 4.125852 4.06942 1.55356 2.452155
Probability 0.783 0.127 0.135 0.765 0.553
Observations 145 145 145 145 145

3.2. Model Estimation

Following the preceding empirical framework proposed by [27,43,68], this study
formulated an empirical log-linear model, Equation (1), to examine the pertinent factors’
impact on the load capacity factor.

LnLCFt = β0 + β1LnREt + β2LnNRt + β3LnEAt + β4LnTIt + µt (1)

The transformation of the variables into logarithmic form (represented by Ln) allowed
us to determine elasticity while avoiding non-normality and heteroscedasticity issues. In
Equation (1), β0 is the intercept coefficient; β1–β4 represent partial slope coefficients; the
error term is represented by µ; t represents the time period of 1992–2020. The β1 coefficient
may postulate a positive association with LCF since increasing the ratio of renewable energy
in overall energy intensity promotes environmental; β2, the natural resource rent coefficient,
may illustrate a negative impact because BRICS nations are reliant on natural resource
extractions that cause both soil and air pollution. In the case of agricultural employment,
it improves the absorptive capabilities of crop residue pollutants and enriches the envi-
ronmental status [27]. Therefore, the β3 coefficient might illustrate a positive association.
Lastly, technological innovation may intensify non-renewable energy combustion in the
process of making such innovations operational, as BRICS countries are still far behind
other developed countries in the case of renewable energy usage. Conversely, if technology
advancements progress in a manner that prioritizes environmental consciousness and
facilitates the production of power and other items by eco-friendly means, it is plausi-
ble that this may yield favorable effects on the LCF and hence enhance environmental
sustainability. Therefore, the impact of technological innovation in BRICS nations can be
either beneficial or detrimental, as will be demonstrated in the subsequent findings section.
Figure 2 illustrates the connectivity and possible effect of the considered variables on LCF.
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3.3. Econometric Methodology

The T > N panel dataset used in this work allows for a methodologically sound
five-stage empirical analysis followed by (i) cross-sectional dependence (CSD) tests,
(ii) multicollinearity check, (iii) second-generation unit root test of CIPS and CADF to check
the stationarity, (iv) assessment of co-integration among the variables with the Kao test
and the Johansen fisher panel co-integration test, and (v) elasticity estimation using the
PMG-ARDL approach. Figure 3 depicts the methodological flow diagram of this research.
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3.3.1. Multicollinearity, CSD, Unit Root, and Cointegration Check

A higher degree of correlation among two or more independent variables in a regres-
sion framework is a common issue in a dataset, known as multicollinearity, making it
difficult to establish the individual impact of each variable on the dependent one. Hence, it
is essential to detect multicollinearity to improve the statistical significance of the indepen-
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dent variables. For this purpose, this study tested variance inflating factors (VIFs). A VIF
greater than four suggests the possibility of multicollinearity and necessitates additional
study [80], while others have claimed that a VIF larger than 10 would be problematic for
deriving reliable coefficient values.

Before diving into the data, the cross-sectional dependence (CSD) needs to be exam-
ined, as this study utilizes panel data. The CSD test was initially suggested by ref. [81] to
examine dependence among cross-sections. Cross-country dependencies or unobserved
shared variables may exist across the panel due to comparable economic and social fac-
tors [82,83]. Results can be distorted, inconsistent, and perplexing if the cross-country
dependency is ignored under the premise that cross-sections are independent [84]. There-
fore, four distinct CSD tests were employed in this investigation: Breusch–Pagan LM [85],
Pesaran [86] scaled LM, Baltagi et al. [87] bias-correlated scaled LM, and Pesaran [86] CD
tests with the null hypothesis of no cross-sectional dependence. Evaluation of CSD serves
as a roadmap for other tests. With T > N, the most popular Breusch and Pagan LM test is
as follows:

LM = ∑N−1
i=1 ∑N

j=i+1 Tρ̂ij →χ2 N(N − 1)
2

(2)

where the number of diagonal components in the residual covariance matrix and degrees
of freedom are equal; T = time period; N = number of cross-sections; ρ̂ij = cross-sections’
pair-wise correlation.

The CSD estimation is expressed as follows:

CSD =

√
2T

N(N − 1)

(
∑N−1

i=1 ∑N
j=i+1 ρ̂ij

)
(3)

where CSD→ N (0, 1) for N up to infinity and T being sufficiently large under the null
hypothesis of no-cross-sectional dependence.

After assessing the dependence across sections, the following stage in the analysis was
to rank the co-integration order of the different variables in the study. In this context, the
employment of panel unit tests of the first generation may yield inaccurate outcomes in
the presence of cross-sectional dependence [88]. Pesaran [89] suggested using the cross-
sectional augmented IPS (CIPS) and cross-sectional ADF (CADF) tests to account for the
cross-sectional dependence across the variables, yielding more precise and reliable results.
The equation for the CADF and CIPS is as follows:

∆yit = αi + πiyi,t−1 + ϕiyt−1 + ∑p
l=0 φil∆yt−1 + ∑p

l=1 γil∆yi,t−1+ εit (4)

where y = lagged cross-sectional average; ∆y = first difference of the lagged cross-section.
The CIPS equation is presented in Equation (5):

CIPS =
1
N ∑N

i=1 CADFi (5)

where N indicates the total observation, and CADF is the cross-sectional augmented
Dickey–Fuller value of the ith individual. Once the sequence of integration is identified,
it is imperative to investigate the existence of long-term associations among the variables
under consideration [90,91]. This study employed the Kao and Johansen Fisher panel
co-integration tests to assess the stability of the long-term connection among the stochastic
data series. Specifying individual cross-sectional intercepts with homogenous weights on
the initial stage of regressors is a key feature of the residual-based test developed by ref. [90].
Additionally, this study employed another alternative Johansen-type test by Maddala and
Wu [92] to identify the existence of co-integration, which aggregates the test statistics from
separate cross-sections to obtain an overall panel test statistic. This test is designed with two
statistics: the Fisher statistic from the trace test and the Fisher statistic from the maximum
eigenvalue test. This study considers three lag orders for this test.
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3.3.2. Pooled Mean Group–Autoregressive Distributed Lag (PMG-ARDL) Model

This investigation estimates both types of estimation, i.e., short-run and long-run.
When dealing with panel data approaches regarding individual impacts, typical ARDL
techniques fail to account for bias because of the connection between the mean-difference
independent variables and the white noise error term [93]. This problem can be overcome
by combining the ARDL approach with the PMG estimation method developed by ref. [94].
The Pool Mean Group (PMG) estimator, which is more resistant to lag ordering as well as
outliers, makes it a more robust estimation method overall [94]. This strategy works well
when the dataset has a mixed order of I(0) and I(1) but not I(2). Additionally, this approach
produces heterogeneous results over the short run but homogenous results over the long
run. Considering the PMG-ARDL preferred model, we evaluated Equation (1) using the
following error correction (ECM) form:

∆LnLCFi,t = φiECTi,t + ∑q−1
j=0 γ∗i,j ∆LnXi,t−j + ∑p−1

j=1 δ∗
i,

.
j

∆LnLCFi,t−j + µi,t (6)

where
ECTi,t = LnLCFi,t−j − θiXi,t (7)

φi = −
(

1−∑
p
j=1 δi,j

)
θi = −

∑
q
j=0 γi,j

φi

δ∗
i,

.
j
= −∑

p
d=j+1 δi,d

γ∗i,j = −∑
q
d=j+1 γi,d

where ∆ expresses the difference of the operators; LnLCF is the dependent variable load
capacity factor; each cross-sectional unit i in t period is associated with a set of independent
variables (NR, TI, RE, EA) represented by X with the same number of lags, q; φ and θ are
the adjustment coefficient and long-run coefficient; once achieving the convergence, the
latter one yields γ∗ and δ∗; and the error term is symbolized by µ.

4. Empirical Findings and Discussion

This part of the study reports the empirical outcomes of several econometric tests. First,
this study tests the multicollinearity among the variables through VIF, and the results are
shown in Table 3. Since all VIFs are less than four, and the mean VIF is far below this value,
we can conclude that multicollinearity might not exist or is very low in this exploration.

Table 3. VIF test.

Variables VIF

LnRE 3.06
LnNR 2.50
LnEA 1.63
LnTI 1.16

Mean VIF 2.09

In the next step of this empirical analysis, the results of the CSD tests are reported, as
seen in Table 4. The goal of the CSD test is to ascertain whether an interruption within any of
the representative entities (for instance, a nation) may have a ripple effect on the remainder
of the entities and alter their economic circumstances because of mutual dependency.
Furthermore, while examining a study topic such as technology, it becomes evident that
this fact of interdependency is particularly true since numerous nations rely on one another
for the acquisition of newly invented technological hardware and assistance. Among the
most pressing concerns, CSD must be addressed in the case of panel data to generate valid
results [95]. Therefore, in order to account for this issue, this study employs four tests to
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examine the existence of CSD: the Breusch–Pagan LM [85], Pesaran [86] scaled LM, Baltagi
et al. [87] bias-correlated scaled LM, and Pesaran [86] CSD tests. The four CSD test results
are displayed in Table 4 and show the existence of CSD within the entire dataset, as the
significant findings endorse the acceptance of the alternative hypothesis of cross-sectional
dependence among the study variables.

Table 4. Cross-sectional dependence tests.

Cross-Section Tests
Variables

LnLCF LnNR LnTI LnRE LnEA

Breusch–Pagan LM 139.3720 ***
(0.0000)

115.3745 ***
(0.0000)

122.4192 ***
(0.0000)

127.7515 ***
(0.0000)

233.9747 ***
(0.0000)

Pesaran scaled LM 28.92846 ***
(0.0000)

23.56245 ***
(0.0000)

25.13770 ***
(0.0000)

26.33004 ***
(0.0000)

50.08226 ***
(0.0000)

Bias-corrected scaled LM 28.83917 ***
(0.0000)

23.47316 ***
(0.0000)

25.04842 ***
(0.0000)

26.24075 ***
(0.0000)

49.99298 ***
(0.0000)

Pesaran CD 7.965212 ***
(0.0000)

10.24121 ***
(0.0000)

10.39918 ***
(0.00000)

8.924698 ***
(0.0000)

15.20244 ***
(0.0000)

Note: Null hypothesis (H0) of no cross-sectional dependency is rejected for all variables at a 1% significance level
(corresponding p value). *** p < 0.01.

This research’s empirical analysis also necessitates the assessment of the stochastic
nature of each variable to be determined employing stationary tests. The application of
the first-generational unit root test should be avoided when CSD is present among the
cross-sections since can lead to misleading results. In this regard, the CIPS and CADF
tests, which are second-generation unit root tests, are utilized in this step. Moreover, the
PMG-ARDL model requires level [I(0)] or first difference [I(1)] integration order of the
study variables rather than second difference, [I(2)]. According to the unit root test results
displayed in Table 5, it is noticeable that all the study variables validate this statement in
both CIPS and CADF cases. All of the variables exhibit stationarity at this level, except
for natural resource rent, which is stationary at the first difference. Consequently, it may
be inferred from the results of both unit root tests that all series exhibit a mixed order
of integration.

Table 5. Stationarity check.

Variables
CIPS CADF

Level ∆ Level ∆

LnLCF −3.060 *** — −2.535 *** —
LnRE −2.559 *** — −2.862 *** —
LnNR −1.969 −5.026 *** −1.435 −2.899 ***
LnEA −2.787 *** — −2.599 *** —
LnTI −4.293 *** — −2.981 *** —

Note: Level and ∆ reported stationarity at the level and at first difference, respectively. *** p < 0.01.

This research examines the long-term equilibrium relationship to determine whether
the investigated variables are convergent or not. The Kao residual co-integration test
was employed for this purpose, as outlined in Table 6. Based on the test outcomes, it
can be concluded that there is an equilibrium connection over time between LCF, natural
resource rent, renewable energy consumption, technological innovation, and employment
in agriculture, with the acceptance of the alternative hypothesis of long-term co-integration
at the 1% significance level. Moreover, the Johansen–Fisher test was employed in this study
to further define the long-term connection. According to the demonstrated results in Table 7,
this test is in harmony with the Kao test and claims a long-term co-integration relationship
between the LCF and the independent variables under consideration for 1992–2020 in the
BRICS nations.
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Table 6. Kao residual co-integration test.

t-Statistic p-Value

ADF −2.627477 *** 0.0043
Residual variance 0.000302
HAC variance 0.000222

Notes: *** p < 0.01.

Table 7. Johansen–Fisher panel co-integration test results.

Hypothesized Fisher Stat. Fisher Stat.

No. of CE(s) Trace Test Prob. Max-Eigen Test Prob.

None 69.67 *** 0.0000 37.08 *** 0.0001
At most 1 39.23 *** 0.0000 26.64 *** 0.0030
At most 2 20.08 *** 0.0285 13.50 0.1970
At most 3 14.02 0.1722 9.115 0.5212
At most 4 21.53 *** 0.0177 21.53 *** 0.0177

Notes: *** p < 0.01.

Soon after satisfying the prerequisite criterion of long-term co-integration within the
variables, the present analysis proceeded to examine the extent of these co-integrations by
evaluating the coefficients. Therefore, we investigated the short-term and long-term effects
of the predictor factors on LCF utilizing the PMG-ARDL approach, depicted in Table 8.
According to the tabulated findings, with a convergence rate of 47%, the findings provide
strong and reliable forecasting. This convergence rate is attributed to the influence of the
explanatory variables on their respective equilibria. Hence, the error correction term (ECT)
with statistical significance confirms the existence of a balanced connection among the
parameters, and the divergence from equilibrium is adjusted by around 47% yearly.

Table 8. PMG-ARDL results.

Variable Coef. z-Value p-Value

Short-run estimation

∆LnRE 0.2649698 1.61 0.108
∆LnNR −0.0254352 −1.20 0.232
∆LnEA 0.2137037 *** 4.88 0.000
∆LnTI 0.0128864 0.37 0.710
Cons. −0.1566996 −1.17 0.242
ECT(-1) −0.4700233 *** −2.43 0.015

Long-run estimation

LnRE 0.2180437 *** 9.03 0.000
LnNR −0.0259223 ** −2.09 0.037
LnEA 0.2015597 *** 4.02 0.000
LnTI −0.0913487 *** −10.82 0.000

Notes: *** p < 0.01, ** p < 0.05.

The PMG-ARDL estimation finds that all parameters, except for LnEA, have an
insignificant impact on the LCF in the short term, while all factors are observed to have
a statistically significant impact on the LCF over the long run. The findings show that
renewable energy and the LCF have a positive and statistically significant association in
the long run, although this interaction is not significant in the short term, which means
that renewable energy usage has no immediate effect on the BRICS natural environment.
On the contrary, a 1% increase in renewable energy usage would improve the BRICS
long-term LCF by 0.22%. BRICS member nations’ increasing environmental awareness in
their developmental paths is likely the main rationale behind this phenomenon. The rapid
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increase in the use of renewable sources derived from electricity within BRICS nations has
been observed to contribute to a notable deceleration in ecological degradation [96,97].

Moreover, renewable energy sources convey the necessary attributes of reliability and
sustainability and yield environmental advantages through the reduction of CO2 and other
GHG emissions, thereby averting any potential deceleration in the rate of advancement.
However, several member states, like China and South Africa, still encounter challenges in
achieving significant milestones in sustainable energy objectives. Brazil has successfully
achieved its energy target and currently holds the greatest proportion of renewable energy
utilization among the BRICS economies [47]. It is imperative to acknowledge that a signifi-
cant challenge remains for the member nations that effectively achieved their renewable
energy targets. The BRICS nations, however, are still making progress toward achieving
environmental objectives by integrating renewable energy technology. The result of this
study is consistent with those of others in this field [38,73,93].

Moving toward the influence of natural resource rent on the environment, it is seen
that there is no substantial impact on the short-run LCF in the sampled countries. Apart
from this, long-run natural resources exhibit a statistically significant detrimental impact on
the BRICS nations. The long-run coefficient refers to an increase in natural resource use that
leads to a 0.03% exacerbation of environmental degradation. The findings of [43,56,98,99]
show consistency with this finding. This empirical finding implies that the revenue that
the BRICS nations earn from extracting and processing raw materials has a major role in
the environmental degradation that they are currently experiencing, since these revenues
are re-invested in their industrialization processes. Moreover, industrialization, spurred
by rapid economic growth, accelerates the demand for raw materials and their extraction.
Consequently, it results in heightened levels of environmental degradation, manifested in
phenomena such as air pollution and deforestation. The mining of natural resources and
the overuse of fossil fuels are direct results of BRICS nations’ heavy reliance on industrial
output. Among the BRICS countries, Russia, China, and Brazil are listed as the top natural
resource producers and consumers in the world, and their oil, natural gas, and coal-based
power stations significantly contribute to elevated levels of environmental pollution.

According to Table 8, the coefficients pertaining to employment in the agricultural sec-
tor exhibit statistical significance and demonstrate positive effects in both the short and long
term. For each unit of increased agricultural employment, BRICS nations enrich their LCF
by 0.21% and 0.20%, correspondingly, in the short and long run. Environmental quality is
highly influenced by agricultural employment, particularly in agricultural areas; industrial
zones remain the prime source of pollution. Furthermore, the utilization of cultivated land
for agricultural operations helps lower atmospheric carbon dioxide levels by sequestering
carbon in the soil. In addition, plants in croplands have the potential to effectively decrease
dust concentrations. Likewise, the presence of farmland hedgerows and the associated
riparian zones, such as riverbanks, exhibit a notable degree of biodiversity due to increased
agricultural activities. Therefore, agricultural employment plays a leading role in maximiz-
ing the ability of the environment to recover from and absorb pollution. However, Jiang
et al. [27] presented a contrasting perspective by asserting that the environmental quality is
severely affected by agricultural employment since the extension of agricultural frontiers
results in deforestation as well as the consequent production of trash and residue, leading
to water and soil contamination.

The BRICS nations experience a notable and adverse influence on their LCF due to
technical breakthroughs. This suggests that the increasing technological advancements in
these countries are contributing to a decline in environmental sustainability, as seen by a
long-term decrease in LCF at a pace of 0.09%. Nevertheless, it is important to note that the
impact of technological innovation on LCF is not significant in the short run. This might be
due to the fact that technological advancement is a complex and time-consuming process
that cannot be fully developed instantly. In addition, it is worth noting that technical
research trials necessitate a substantial duration. However, based on the findings of the
PMG-ARDL analysis, it is found that advancement in technology does not contribute to
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long-term sustainable environmental development. The underlying cause of this outcome
is that technical advancements might result in heightened utilization of resources, thus
resulting in elevated emissions within the environment. This suggests that the BRICS
countries are not making substantial investments in green technological innovation in-
tended to mitigate environmental degradation. While the countries have adopted new
technologies, the focus of these technologies is predominantly centered around industrial
expansion. This pursuit often comes at the expense of environmental quality, as it leads to
the creation of atmospheric contamination in these nations. Furthermore, the process of
transitioning their technological and energy infrastructure to an eco-friendly technology
framework requires a significant amount of time. This finding is consistent with the studies
conducted by refs. [21,23,100]. On the other hand, research conducted by Awosusi et al. [22]
indicated that technical advances boost LCF, which in turn leads to increase environmental
sustainability. The summary of the PMG-ARDL model results is shown in Figure 4.
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5. Conclusions and Policy Insights
5.1. Concluding Remarks

This study aimed to enhance the understanding of the environmental impact of re-
newable energy usage, natural resource rent, agricultural employment, and technological
advancements on the BRICS nations’ LCF for the 1992–2020 period. This study is a pi-
oneering investigation within the BRICS nations, focusing on the relationship between
agricultural employment and environmental sustainability, specifically in terms of the load
capacity factor. To achieve the objectives of the study, multiple panel methods from the first
and second generations are used in this investigation. The dependence of cross-sections
is included in the methodology. Additionally, the stationarity was tested using both the
CIPS and CADF unit root tests, and the presence of a long-term co-integration between
the variables was assessed using the panel co-integration methods developed by Kao
and Johansen. These factual observations enabled us to establish the consistency of the
estimators concerning the existing body of environment research and align with the specific
attributes of the dataset. In addition, the PMG-ARDL approach is utilized to assess the
impact of the regressors on the load capacity factor.

In general, the findings indicate (i) the presence of cross-sectional dependence; (ii) that
the panel dataset exhibits a combination of stationary behavior at I(0) and I(1) orders;
(iii) evidence in support of a long-term relationship; (iv) the results from the PMG-ARDL
estimator show that, in the short run, except for agricultural employment, the regressors
have no significant impact on the LCF. However, renewable energy and employment in
the agricultural sector were found to contribute positively to the improvement of the
long-run LCF and thus environmental sustainability. Conversely, the long-term reduction
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of LCF can be attributed to factors such as the depletion of natural resource rent and
technological innovation.

5.2. Policy Recommendations

The results of this study can be used to propose multiple policy recommendations.
To enhance the environmental sustainability in BRICS nations, their governments

should implement policies to increase the proportion of clean energy within the overall
energy intake and encourage renewable energy investment. This can be accomplished
through raising the tax rate for fossil fuels, which will push renewable energy intake. The
implementation of energy-saving initiatives, which restrict the use of fossil fuels, would also
be fruitful in achieving targets. In addition, policymakers can create educational initiatives
aimed at raising awareness among individuals regarding the advantages associated with
the use of renewable energy sources.

Instead of prioritizing aggregate technological advancements, it is recommended for
BRICS nations to shift their focus towards cleaner and more environmentally friendly
technologies. It is imperative for authorities to actively promote the engagement of foreign
investors in environmentally friendly technology. Likewise, it is recommended that the
allocation of funds for research and development be directed toward renewable-energy-
based technology inventions.

It is imperative for BRICS countries to mitigate the risks associated with mining by
adopting strategies that prioritize the utilization of renewable energies such as tidal, wind,
and solar power. It is also recommended that governing bodies implement regulations on
extraction practices employing rudimentary techniques to mitigate the contamination of
the soil.

The empirical results suggest that boosting agricultural employment within the BRICS
nations should be a top priority for policymakers. Government organizations are re-
quired to provide financial aid for agricultural entrepreneurship to encourage agricultural
employment and the adoption of environmentally sustainable farming techniques. Ad-
ditionally, standard-setting farmer education is important for raising farmers’ ecological
consciousness, and appropriate institutions should be established to provide training for
the farmers on modern, low-emitting agricultural techniques. Facilitating agro-research is
also necessary for the development of more pollution-reducing crops and plants.

5.3. Limitations and Future Research Directions

It is essential to acknowledge and evaluate the constraints inherent in this work and
to incorporate these considerations into further research endeavors. One weakness of this
study is the inability to differentiate between the proportions of the labor force involved in
agriculture based on technology-enabled or manual work, due to data constraints. However,
future research has the potential to address this restriction by categorizing the labor force
into manual and technological sectors, contingent upon the availability of relevant data.
In addition, we employed total patent applications as a surrogate measure for technical
innovation. Nonetheless, future investigations may explore the inclusion of patents related
to agricultural advancements or renewable energy generation. Future studies may also
explore additional variables that are pertinent to the BRICS states, such as indicators of
institutional quality or governance, foreign direct investment, and industrialization, among
others. Furthermore, linear modeling is employed in this study. However, future research
endeavors may consider using nonlinear modeling techniques as well.
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