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Abstract

This study provides an in-depth analysis of how key macro trade determinants affect renewable energy consumption
in MINT economies (Mexico, Indonesia, Nigeria, and Turkey) over the period from 1995 to 2022. By applying the energy
bundle theory as a guiding framework, we investigate the influence of factors such as trade balance, trade reserves,
exchange rate, population, and labor force participation rate on trade openness (TOPEN) and its connection to renew-
able energy consumption (REC). Advanced econometric techniques, including Step-wise regression, fully modified least
squares, pooled ordinary least squares and fix effect methods, are used to assess the dynamics of these relationships.
Granger causality and Pedroni co-integration tests reveal both short- and long-term interactions between trade factors
and renewable energy consumption. The results indicate that trade balance, trade reserves, and labor force participation
have a significant positive effect on renewable energy consumption, while exchange rates and population growth show
a negative impact. Although no reciprocal relationship between trade reserves and renewable energy consumption is
found, unidirectional influences are identified between renewable energy consumption and other trade determinants,
specifically trade balance, exchange rate, population, and labor force participation, underscoring the distinctive economic
interactions within MINT economies.This study emphasizes that trade balance, trade reserves, and labor force partici-
pation significantly enhance renewable energy consumption in MINT economies. It advises policymakers to stabilize
exchange rates and address population growth due to their adverse effects.
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1 Introduction

The MINT countries—Mexico, Indonesia, Nigeria, and Turkey—are a dynamic group of emerging economies with
substantial growth potential [1]. These nations leverage distinct geographic, demographic, and economic strengths,
positioning themselves as influential players in global trade [2]. However, as they advance, ensuring the sustainability
of their growth trajectories becomes critical. Transitioning from conventional to renewable energy sources is essential
to achieving sustainable development [3, 4]. This analysis examines the relationship between trade and renewable
energy consumption in the MINT countries, shedding light on the opportunities and challenges within this transition
[5, 6]. Trade forms a backbone of economic activity in these nations, driving growth through exports and imports
[7]. Mexico, for instance, capitalizes on its proximity to the United States through the United States-Mexico-Canada
Agreement (USMCA), while Indonesia’s wealth in natural resources fuels its exports of commodities like palm oil and
coal. Nigeria, Africa’s largest economy, remains reliant on oil exports, and Turkey'’s strategic position enables it to
serve as a trade bridge between Europe and Asia [8]. Yet, these trade activities are predominantly linked to fossil fuel
consumption, presenting significant sustainability challenges [9, 10].

REC is emerging as an important component for long-term growth in MINT countries [11, 12]. Concerns about
climate change, energy security, and the need for sustainable economic practices all contribute to the global transi-
tion toward greener energy sources. Mexico has made strides in adopting renewable energy, particularly wind and
solar power, driven by supportive government policies and international investments [13]. Indonesia, despite its
reliance on coal, has significant potential for geothermal and hydro-power development. Nigeria's vast solar poten-
tial remains largely untapped [14] while Turkey has made considerable progress in wind and solar energy installa-
tions [15]. Despite these advancements, the MINT countries face several barriers in aligning trade with renewable
energy consumption [16]. High tariffs and non-tariff barriers on renewable energy technologies and components
can increase costs and hinder the adoption of cleaner energy solutions [17]. Additionally, political instability, regula-
tory uncertainty, and underdeveloped financial markets deter FDI in renewable energy projects. Effective renewable
energy adoption also requires stable and supportive regulatory frameworks, which are often inconsistent or unclear
in these countries.

Participation in international trade agreements and cooperation with global renewable energy initiatives can
encourage the use of technology for renewable energy but MINT countries often face difficulties in negotiating
favorable terms and ensuring compliance with international standards [18, 19]. MINT countries hold significant
potential for leveraging trade to enhance renewable energy consumption, they face substantial challenges that need
to be addressed through coordinated policy reforms, international cooperation, increased investment in infrastruc-
ture and technology, and improved public education and support for renewable energy [20]. By overcoming these
barriers, the MINT countries can better position themselves for sustainable economic growth and contribute to the
global transition towards renewable energy. The motivation for this study stems from the urgent need to address the
complex interplay between trade openness and renewable energy consumption in MINT countries (Mexico, Indo-
nesia, Nigeria, and Turkey). As these nations integrate into the global economy, understanding the macroeconomic
determinants influencing renewable energy use is critical for achieving sustainable development goals.

This study explores the increasingly important relationship between renewable energy consumption and macro
trade drivers in emerging MINT economies—Mexico, Indonesia, Nigeria, and Turkey [21-24]. Given these countries’
expanding roles in global trade, it is essential to understand how trade policies, foreign direct investment, exchange
rates, trade reserves, and trade balance influence REC for sustainable growth [25, 26]. REC is vital for sustainable
development, as it offers reduced greenhouse gas emissions and enhances energy security [27, 28]. To address
gaps in existing literature, this study examines three research questions: (1) To what extent do trade policies, FDI,
ER, TR, and TB impact REC in MINT economies? (2) Do unique short- and long-term interactions exist between these
macroeconomic factors and REC? (3) What actionable insights from these dynamics can inform policy to support
REC in MINT economies? This research contributes to economic and environmental sustainability by enhancing the
understanding of the trade-REC relationship in emerging markets.

Although previous studies [29-33] have examined renewable energy usage and trade, none have specifically inves-
tigated how macro trade determinants influence renewable energy consumption (REC) within the MINT economies
(Mexico, Indonesia, Nigeria, and Turkey). This study addresses this gap by focusing on the unique macroeconomic
conditions of the MINT nations and linking these to REC through an energy bundle theoretical framework. By exam-
ining the direct impacts of trade balance, trade reserves, exchange rate, population, and labor force on REC, this
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research uniquely explores the underlying mechanisms that foster or inhibit renewable energy adoption in emerging
markets with rapidly evolving trade dynamics. Through its insights, this study aims to provide policy-makers and
industry stakeholders with targeted recommendations that can support sustainable energy development in MINT
economies, contributing meaningfully to the global transition towards a resilient and sustainable energy landscape.

This study makes a substantial contribution to the international trade and renewable energy consumption literature
by providing a nuanced analysis of how specific trade drivers affect trade openness in MINT nations. By uncovering the
distinct impacts of these trade drivers on renewable energy consumption, this research advances understanding in the
field, offering new insights into the interplay between trade dynamics and renewable energy utilization in emerging
economies. These findings not only enrich existing literature but also provide a framework for policy-makers to align
trade policies with sustainable energy goals. Trade drivers encompass the key elements shaping a country’s trade patterns
[34, 35]. While much of the existing research has been empirical, it often overlooks the implications of various theoretical
frameworks. This study addresses this gap by exploring the theoretical foundations of trade drivers that promote trade
openness in MINT countries and examining how these macro trade drivers influence renewable energy consumption
in these economies. However, the findings are constrained by limitations such as the data sets, variable selection, time
span, and econometric methods applied.

In this study, we make a substantial contribution to the body of literature by using 28-year data from MINT coun-
tries to investigate whether a long-term causal relationship exists rather than just an association. Using model-fitness
tests (using stepwise AIC) and the most recent panel regression methodology involving pooled and fixed effects panel
regressions, we first identified five macro trade drivers influencing trade openness of MINT economies and these macro
trade drivers’impact on REC of specifically MINT countries. The findings show that TOPEN has associations with the five
trade drivers—trade balance, trade reserves, exchange rate, labour force participation rate, and population—which in
turn affect the Renewable energy consumption of MINT nations in particular. Both short- and long-term co-integration
relationships are found by further cointegration tests (using Pedroni), indicating a more complex relationship between
trade and the five trade drivers. Finally, Granger causality tests show a causal relationship between the five theory-driven
components and TOPEN and REC. As far as current research is concerned, no study has looked at the macro trade fac-
tors—which are theoretically based—that affect TOPEN and the use of renewable energy in the setting of MINT countries.

There are four additional sections throughout the remainder of the paper. The pertinent literature is compiled in the
section that follows. The research design and technique for (i) assessing the estimated parameters of the relationship
between trade openness and its drivers and the theory-suggested drivers are described in Sect. 3. Section 4 discusses
the outcomes, and Sect. 5 wraps up the report.

2 Literature review
2.1 Theory

The Energy Bundle Theory is a conceptual framework that examines how various energy sources are consumed and
integrated within an economy, influenced by macroeconomic and trade-related factors. It posits that the overall energy
consumption of a country is not solely dependent on individual energy sources but rather on a combination or“bundle”
of different energy types, including fossil fuels, renewable, and other energy forms. This theory highlights that economic
dynamics, such as trade balances, investment flows, labor market participation, demographic changes, and exchange
rate fluctuations, play a critical role in shaping energy consumption patterns. In practical terms, the theory suggests that
as economies evolve, the interplay between these macroeconomic factors can either promote or hinder the adoption
of renewable energy. For instance, a favorable trade balance might lead to increased investment in renewable energy
technologies, while unfavorable exchange rates could make importing renewable energy infrastructure more costly,
thus slowing down the transition.

In the context of emerging economies, particularly in MINT countries—Mexico, Indonesia, Nigeria, and Turkey—the
Energy Bundle Theory can be particularly illuminating. These countries face unique energy challenges and opportunities,
and the theory helps in analysing how their specific macroeconomic conditions affect the consumption of renewable
energy. By applying this framework, researchers can better understand the complex relationships between trade open-
ness, energy policies, and economic growth, ultimately guiding strategies that facilitate a more sustainable energy future.

Trade reserves, including foreign exchange reserves, are vital for economic stability and international trade facilita-
tion. In MINT countries, robust reserves enhance the ability to import renewable energy technologies by mitigating
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currency risks and securing funds for critical imports. These reserves serve as a buffer, supporting a smoother transition
to renewable energy sources. Similarly, a positive trade balance strengthens a country’s financial position, allowing for
investments in renewable energy projects. In contrast, a trade deficit may constrain such initiatives, limiting resources.
For MINT countries, a favorable trade balance enables resource allocation toward renewable energy projects, encourag-
ing diversification and sustainability. Surpluses can further support research, development, and technology deployment
in this sector.

Labor force participation also impacts economic productivity, which in turn affects energy demand. In MINT countries,
a youthful and expanding labor force offers a valuable asset for renewable energy sector growth, facilitating job creation
and economic resilience. Investment in education and training in renewable energy technologies could further enhance
this sector’s workforce readiness.

Population growth directly influences energy demand, as larger populations require increased energy supplies. In
MINT nations, rapid growth underscores the need for renewable energy solutions. This expanding population also cre-
ates a substantial domestic market for renewable energy products, driving investment and innovation within the sector.
Meeting these demands sustainably could result in significant economic and environmental benefits. Exchange rates
also play a key role by affecting the costs of importing renewable energy technologies. Favorable exchange rates make
renewable projects more cost-effective, while unfavorable rates may impede technology adoption. For MINT countries,
exchange rate stability is essential to facilitate renewable energy technology trade and attract foreign investment.

Trade openness enables MINT countries to access advanced technologies, attract foreign investments, and participate
in global renewable energy networks. By expanding trade openness, these countries gain access to the latest renewable
innovations, position themselves within international supply chains, and can leverage global partnerships to accelerate
renewable energy adoption. In summary, macroeconomic factors like trade reserves, trade balance, labor force, popula-
tion growth, exchange rates, and trade openness shape the renewable energy landscape in MINT countries. Mexico's
favorable trade balance and reserves position it to attract renewable investments. Indonesia’s reliance on fossil fuel
exports presents a challenge, but its large labor force and population offer potential if aligned with supportive policies.
Nigeria's abundant solar potential could be unlocked with better trade balance and exchange rate stability, while Turkey’s
strategic trade relationships and active workforce create promising conditions for renewable growth. By optimizing
these macroeconomic drivers, the MINT countries can integrate renewable energy effectively, enhancing sustainable
growth and energy security.

2.2 Review of empirical studies

This study aligns with and expands upon recent research that highlights factors such as financial development, economic
globalization, ICT, and clean energy as pivotal in progressing toward carbon neutrality (aligned with SDGs 7 and 13). In the
broader literature, financial development has been observed to promote sustainable energy investments, which directly
supports de-carbonization efforts [36, 37]. Similarly, the digital economy, driven by ICT and digital trade, has stimulated
innovation in environmental sustainability, particularly by enabling advancements in de-carbonization technologies [38].

This research distinguishes itself by targeting the macro trade drivers that affect both trade openness and renewable
energy consumption, specifically within the context of MINT countries (Mexico, Indonesia, Nigeria, and Turkey). While
previous studies generally explore the effects of these factors across different economies, there is a notable gap in the
literature concerning how trade dynamics within MINT countries uniquely impact the transition toward carbon neutral-
ity [39, 40]. These countries present a distinct profile with rapidly growing economies, diverse energy demands, and
varying levels of dependence on fossil fuels, which offers a unique opportunity to analyze the specific trade and policy
factors influencing renewable energy adoption. By filling this gap, this study contributes to the literature by providing
critical insights into how trade policies, in conjunction with other macroeconomic factors, can be optimized to promote
sustainable energy use and support the carbon-neutral goals in MINT economies. This specificity not only enhances the
understanding of how emerging markets navigate the challenges of carbon neutrality but also offers policy implications
that could guide similar economies toward sustainable energy transitions.

A critical analysis of these studies reveals both insights and limitations in the literature on renewable energy dynamics
within emerging economies, with a focus on Latin America. Koengkan suggest that short-run economic growth encour-
ages renewable energy capacity, particularly when coupled with financial openness and governmental support [41]. How-
ever, a critical perspective might question the sustainability of this impact in the absence of long-term policy frameworks
that consistently prioritize renewables, especially given the volatility in government investment and financial markets.
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Similarly, Silva et al. observed that financial flows, globalization, and CO, emissions collectively drive non-hydro renew-
able capacity, hinting that as CO, levels rise, a shift toward renewable energy sources may become more urgent. This
finding, while insightful, raises questions about causality: Are renewable investments primarily reactive to environmental
pressures, or do they also reflect proactive government or private sector initiatives? The study assumes a strong, linear
relationship, but further research could investigate if these dynamics vary under different regulatory environments or
economic structures, such as those seen in MINT countries [41]. highlight a critical issue by finding that trade openness
can increase fossil fuel consumption, potentially complicating sustainable transitions. This association implies that liberal-
ized trade might prioritize immediate economic gains, often tied to fossil fuels, over long-term sustainability. However,
it's worth examining whether this relationship holds universally, as trade openness could theoretically foster renewable
energy by lowering costs of green technology imports or encouraging international environmental standards.

Despite extensive research on the economic and environmental impacts of trade, a critical gap persists in understand-
ing how macro drivers of trade openness influence renewable energy consumption. Current literature has made strides
in related areas but remains limited in capturing the intersection of trade dynamics and energy transitions. For instance,
[42] examined Latin American economies, revealing that financial incentives for renewable energy spur economic growth
and increase green energy consumption. However, their study did not address the direct relationship between trade
openness and renewable energy, leaving unexplored whether trade liberalization policies could similarly foster renewable
energy use [43]. Used an NCA model to identify economic complexity and fossil fuel consumption as essential drivers of
high-carbon emissions, with economic growth, urbanization, and institutional quality among key factors exacerbating
carbon intensity. This research highlights how macroeconomic conditions shape emissions but does not consider the
potential mitigating role of renewable energy consumption within open trade frameworks. Similarly, [41] found that
co-innovation, economic growth, and renewable energy reduce premature mortality, yet their study overlooked trade
openness as a factor influencing energy choices and environmental health. This gap in the literature points to an urgent
need for studies that analyze how macroeconomic drivers of trade openness—such as trade balance, exchange rates,
and reserves—affect renewable energy consumption. Such research could provide critical insights for policymakers in
balancing trade growth with sustainable energy transitions, addressing both environmental and economic objectives.

This study seeks to bridge these gaps by focusing on MINT countries, where trade openness and renewable energy
adoption may interact uniquely due to diverse economic structures and policy environments. By exploring these specific
dynamics, this study contributes to a more nuanced understanding of how trade policies impact renewable transitions,
offering insights that could support tailored sustainable energy strategies in these emerging economies. This approach
not only fills a critical gap in the literature but also emphasizes the importance of context-specific policies in achieving
effective, long-term carbon neutrality.

3 Method
3.1 Data and variables

First, this research study investigates the impact of macro trade drivers on trade openness, as well as the consequent
impact on MINT nations’' renewable energy use. The macro variables under consideration in this inquiry are TB, TR, ER,
POP, and LFP. These specific parameters were chosen because of their theoretical potential as predictors of TOPEN and
the resultant impact on renewable energy use. To achieve this goal, the study uses a panel data methodology, with data
collected from 1995 to 2022. The study uses a panel data approach to analyse both time-series and cross-sectional vari-
ations, providing a thorough understanding of the complex relationship between macro trade determinants’impact on
TOPEN and REC.

This research study focuses solely on MINT countries for three primary reasons. For starters, these countries have vari-
ous trade driver factors when compared to other regions, owing to fundamental differences in their economic and politi-
cal systems. Second, confining the sample to this particular group of economies helps to reduce sample heterogeneity.
Thirdly, the availability of data on the variables of interest from readily available sources limited the number of nations
that could be included in the sample. The availability of information regarding the factors that influence trade openness
forms the basis of this study. When the pertinent variables were examined in its initial phase, it was discovered that data
had been available since 1995. As such, the research project started in 1995. The sample consists of four countries, for
which panel data were obtained from a variety of sources, such as the International Monetary Fund (IMF) and the World
Development Indicators (WDI).
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3.2 Procedure

This study assessed the significance of the findings and validated the conceptual framework using a range of veri-
fication approaches to improve the investigation’s credibility. Initially, the Akaike Information Criterion (AIC) was
employed to ascertain whether the model, which included nine explanatory factors, was at risk of over-fitting or
under-fitting. Subsequently, stepwise regression was applied to pinpoint the key explanatory variables that influ-
ence trade liberalization effectively. This process identified five variables with statistical significance: TB, TR, ER, LFP,
and POP size. To further solidify the model’s stability, different estimation methods were implemented, comprised of
pooled ordinary least squares, fully modified ordinary least squares, and the fixed effects model. The FEM and FMOLS
was specifically chosen to address potential endogeneity issues within the model, echoing the recommendations
of prior research [44]. Furthermore, F-tests were employed to examine the statistical dependability of the model’s
appropriateness, On the other hand, differences in particular impacts were investigated using the Breusch-Pagan
and Lagrange Multiplier tests. Additionally, contrasting the estimates from two distinct models (fixed effects and
random effects approaches), the Chow and Housman tests were applied. These validation techniques ensured the
credibility, accuracy, and statistical relevance of the study outcomes, offering a detailed insight into the association
between macro factors and trade openness within the framework of the MINT nations.

This research explores causality and co-integration among five factors pinpointed through stepwise regression and
endorsed by a theoretical framework. Granger causality analysis, a broadly utilized technique in previous research
[45], was utilized to examine causation. Additionally, the Padroni co-integration test (1981) was employed for coin-
tegration testing. Further To test for cross-sectional dependence in the current dataset, this study employed the [46]
CD test, as shown in Table 8. The null hypothesis for this test posits that residuals across entities are uncorrelated.
The test results indicate a non-significant probability, suggesting the absence of cross-sectional dependence in the
macro panel dataset used in this study.

In the realm of panel data analysis, especially when dealing with datasets spanning more than a decade and
featuring over fifteen observations, conducting a stationarity test, also known as a panel Progress in the Granger
causation research has driven the creation of approaches that integrate time-series analysis attributes of the data,
including tests for stationarity and incorporation of panel data. By identifying the direction and nature of this causal-
ity, we gain insights into whether changes in trade-related factors—such as trade balance, exchange rate, and trade
reserves—can predict shifts in renewable energy consumption patterns. This approach helps clarify the interdepend-
ence between trade dynamics and energy transitions, informing policy decisions aimed at enhancing sustainable
energy use within these economies. Unit root test, is imperative. Detecting non-stationarity, indicative of the pres-
ence of a unit root, is essential to prevent potentially misleading estimations. This research adopts the ADF-Fisher
chi-square and PP-Fisher chi-square tests, renowned for their applicability to datasets comprising numerous panels
and extended time frames.

Greene et al, [46] cointegration examination analyzes the leftover errors from a misleading regression carried
out with I(1) to ascertain the co-integration status of the variables. Co-integration is confirmed if the residuals are
[ (0); otherwise, they are considered I(1). The Pedroni cointegration test is advantageous as it can examine the null
hypothesis of non-cointegration when there are diverse slope coefficients. These statistical methods can adapt to
various fixed effects, anticipated trends, and both usual and extraordinary disruptions to the fundamental cause. This
study utilized a range of econometric approaches to perform empirical investigations aimed at addressing the non-
stationarity issue. Assorted panel unit root examinations were carried out, considering both individual and common
unit roots. Before investigating the long-term, to explore the connection between two or more time series datasets,
a unit root examination is necessary. Consequently, it becomes imperative to convert a nonstationary dataset into
a stationary version by employing the most suitable technique. The panel unit root analysis determines the degree
of integration required for the panel variable to reach stationarity.

3.3 Models
Section 3.3 outlines a model designed to evaluate the impact of macro trade drivers on trade openness and the

marginal impacts of the macro trade factors that influence trade openness and energy consumption of MINT econo-
mies. In this context, the dependent variable is denoted as TOPEN and REC, and Eq. 1's left-hand side encompasses

@ Discover



Discover Sustainability (2025) 6:141 | https://doi.org/10.1007/543621-024-00715-3
Research

various elements influencing trade openness. Trade openness is defined as the ratio of a country’s trade to its gross

domestic product, represented as TOPENjt, where j ranges from nation 1 to N, and t spans from 1995 to 2022. The

independent variables, identified as Xjt, represent the key drivers, including the XX factor, as described in Table 1.
Consequently, the formulated model for examination can be expressed as:

TOPENJ-t = B + Bjy (GNS,) + 6, (FDIjt) + ;5 (TR + B4 (ERy) + Oys (PCIjt) + B (TIN) + 67 (POP) + Bjis (LEP) + nj
(1
In Eq. 2 left-hand side encompasses macro trade drivers influencing renewable energy consumption of MINT countries.
Renewable energy is defined as Renewable energy consumption (% total energy consumption) represented as RECjt,
where j ranges from nation 1 to N. The independent variables, Xjt, are identified as the drivers of renewable energy con-
sumption, encompassing the X factor as outlined in Table 1.
.. Consequently, the formulated model for examination can be expressed as:

REC;; = 8 + 0 (GNSy) + 0, (FDI) + 6,5 (TR;) + Oye4 (ERy) + 05 (PClyp) + 66 (TIN) + 67 (POP) + 6,5 (LFP) + m
()

The factors that drive macro trade in Egs. 2 include per capita income, trade reserves, gross national savings, foreign
direct net flow investment, exchange rate, gross capital formation, total investment, population, and the labour force
actively participating in the economy.

An overview of the dependent and independent variables’ descriptive statistics for each of the MINT countries is shown
in Table 2. With a range of 96.18 to 20.72, the mean trade openness for the dataset, which spans 1995 to 2022, is 50.29.
The descriptive statistics highlight the greater average trade proportion displayed by the MINT trading nations. Further
MINT economy’s average renewable energy consumption is 36.92, ranging from 21.72 to 88.68. The trade balance ranges
from 23.05 to —7.74, with an average value of 1.25. Trade reserves show a range between 23.79% and 3.27%, with an
average trade reserve of 10.48. Additionally, the average exchange rate is 2498.37, ranging from 14,481.10 to 0.05. The
average labor force participation rate in MINT countries is 60.95, with a range from 70.74 to 48.49. The mean population
value in MINT countries is 61.77, with a range of 67.80 to 52.88. The fact that these means are within the range typically
found in other research indicates that these factors can accurately depict the dynamics of trade openness in MINT nations.

Figure 1 illustrates the trends in Mexico’s trade openness and renewable energy consumption over the period from
1995 to 2022. The graph tracks how trade openness, reflecting Mexico’s engagement in global markets, and the use of
renewable energy have evolved concurrently. Observing these two variables over time helps highlight any correlations
between Mexico’s trade policies and its commitment to sustainable energy practices.

Figure 2 presents the trends in Indonesia’s trade openness and renewable energy consumption from 1995 to 2022.
This figure highlights Indonesia’s level of integration in global trade markets alongside its renewable energy usage over
the same period.

Figure 3 displays the trends in Turkey’s trade openness and renewable energy consumption from 1995 to 2022. This
figure provides a comparative view of Turkey’s integration into global trade and its renewable energy usage over nearly
three decades.

Figure 4 illustrates the trends in Nigeria's trade openness and renewable energy consumption over the period from
1995 to 2022. This figure provides insights into the relationship between Nigeria’s global trade engagement and its
renewable energy usage. By examining these trends together, we can explore how shifts in Nigeria’s trade openness
may correspond with changes in renewable energy consumption.

4 Findings
4.1 Data diagnostic test

Section 4.1 delves into a thorough exploration of diagnostic assessments performed to validate the sample’s adequacy for
subsequent analysis. The Jarque-Bera (J-B) assessment for normal distribution, the primary examination, was employed
to gauge the presence of a normal distribution within the variables. Subsequently, the Variance Inflation Factor (VIF)
assessment was utilized to identify potential intercorrelation across the explanatory variables. The outcomes of the VIF
assessment for multicollinearity are presented in Table 3, which was employed to evaluate the existence of multicollinear-
ity using the average VIF ratio. Multicollinearity can complicate the isolation of specific impacts of explanatory variables

@ Discover



Research

| https://doi.org/10.1007/543621-024-00715-3

(2025) 6:141

Discover Sustainability

,+,109)43 10138} 6X Iam/4nI NIL dan/auawisanu| [eog JUBWISIAU| [RI0L
,+,1032 10308} 8X Iam yay uonie|ndod |10} JO 9% (+9- G| 96Y) uone|ndod €101 uone|ndod
,+,199449 J01o8) /X IAM/AWI 429 daoy/[ended ssoin uonew.oy jeyded ssoio
uone|

,+,3103)2 J03oe} 9X Iam d41 -ndod |e303 o9, ‘3e) uonredidiyied 33104 INOGeT) INOGE| SAIIDE A[jEIIWOU0D] uonedidipied ad10) Jnoge
,+,1032 J03oey GX Iam IDd uonejndod |e101/ddo |e1oL sawooul eyded Jad dgo
,+,31032 103y X Iam/4NI ¥E| (pouad jo pu3 ‘Iejjoq 's'n Jad £dua1in) disawoq) 93el abueydxy aje.1 abueydxgy
,+,31039 Joyoey £X Iam Hl dao/p|ob snuiw aAIasal [R10] EYSELSYET oI |
,+,31039 Joyoey 7X Iam ddo /mojjul 33U |4 JUSWISIAUI MO 13U 1D341p UbIa104
,+,109)49 10138} |X IaM/4AWI SND dado/(sbuiaes [euonen ssoio buines
3|qeueA uapuadag Iam DEN| (uonndwinsuod AB1aus |80} %) uondwnsuod ABIBUS 3jqemaudy uondwnsuod ABIsus ajgemauay
3|qeueA uapuadag Iam ol dan/speil ssauuado apei|
A/AQ ERITalelN [OquIAS uondudsaq sa|qelep

uondudsap eyeq | 3|qel

@ Discover



Discover Sustainability (2025) 6:141 | https://doi.org/10.1007/543621-024-00715-3

Research
-II\-ITI?\:?' ioﬁaat:iiitsic:l overview of Variables Mean Median Max Min Std. dev J-B

TOPEN 50.29 49.63 96.18 20.72 12.85 9.93***
REC 36.92 21.72 88.68 8.97 29.86 15.11%*%
TB 1.250 -0.26 23.05 -7.74 5.282 64.07%**
TR 10.84 10.76 23.79 3.27 3.57 8.98 ***
ER 2498.37 21.30 14,481.0 0.05 4545.5 40.26%**
LF 60.95 60.98 70.74 48.49 6.06 4,99%x*
POP 61.77 63.92 67.80 52.88 5.27 14.87%**

Table 1 also contains information on and no missing values (balance panel). **Significance: ***p<0.01;
**p <0.05; *p < 0.1 denotes significance level respectively

Mexico trade openness and renewable energy consumption during the year 1995-2022
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Fig. 1 Mexico trade openness and renewable energy consumption during the year 1995-2022
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Fig.2 Indonesia trade openness and renewable energy consumption during the year 1995-2022
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Turkey Trade Openness and renewable enrgy consumption over the period 1995-
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Fig.3 Turkey trade openness and renewable energy consumption during the year 1995-2022

Nigeria Trade Openness and renewable enrgy consumption over the period 1995-
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Fig.4 Nigeria trade openness and renewable energy consumption during the year 1995-2022

on outcome factors in regression studies. A VIF value exceeding 10 suggests multicollinearity. The table incorporates all
pertinent variables for mean-variance analysis to detect potential multicollinearity. The VIF ratings for all variables were
at or under 10, indicating a lack of multicollinearity within the framework.

Table 4 showcases the outcomes of stationarity tests performed on both the initial and differenced chronological
sequence of the factors within the singular intercept group. The test outcomes reveal that while all variables exhibit non-
stationarity at their initial levels, they demonstrate stationarity when first differenced. This indicates that the variables
follow a first-order integration, denoted as I(1). This signifies the null hypothesis being disproved that a unit root does not
exist within the underlying mechanism of the variables. After achieving stationarity through the first differencing of the
variables has been verified, the subsequent stage involves determining the optimal lag length for each economy, utiliz-
ing criteria for ideal lag choice elucidated in Table 5: The correct lag time is critical for using sophisticated econometric
procedures like Pedroni cointegration and Granger causality tests.

Table 5 presents the findings of the lag order determination tests carried out on the MINT countries. Five different
standards were used for choosing the lag sequence: the likelihood ratio, Final Prediction Error, Akaike’s Information
Criterion, Schwarz’s Bayesian Criterion, and Hannan-Quinn Information Criterion. These criteria were applied to identify
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Table 3 Summary of Variables T VIF
multicollinearity test (VIF)
Model II TOPEN
TB 0.53 1.86
TR 0.72 1.37
ER 0.43 2.31
LF 0.51 1.94
POP 0.50 1.93
Model I REC
TB 0.51 1.94
TR 0.50 1.99
ER 0.72 1.37
LF 0.43 2.31
POP 0.53 1.86

This table presents the results of the cross-dependency VIF test. VIF <10; no multicollinearity: VIF>10;
multicollinearity

Table 4 Panel unit root results ADF-Fisher- chi- Im, Pesaran, Shin Fisher-PP Levin, Lin, and Chu

square

Intercept Intercept Intercept Intercept

1(0) I(1) 1(0) I(1) 1(0) I(1) 1(0) I(1)
TOPEN 6.17 6993*** 0.51 —8.53*** 8.20 99.10***  —1.02 —9.22%*
REC 5.07 34.56%** 0.742 —4.26%** 10.15 56.71***  -1.05 3.347%**
B 13.86* 51.84%** 0.003***  —6.40%** 16.88***  78.29%** 0.19 —5.73%**
TR 20.68%**  67.24***  —1.85%** 829 ***  20.25%* 73.19%**  —0.32 —-6.19
ER 2.98 40.13%** 4.72 —4.57%** 3.08%**  43.84*** 4.00 —4.99%**
LFP 6.84 24.50.%** 0.36 —2.90%** 245 24.63***  -0.34 -3.55

POP 27.28%**%  26.68***  —3.12%**  —480%** 62.03%**  24.66***  —3.78%**  _3.68%**

Table 5 Lag order selection

e Lag LogL LR FPE AIC SC HQ
criteria

Model |

0 -1735.41 NA 4.10e+13 48.37 48.56 48.44
1 -1043.18 1249.86 499,082.3 30.144 31.47 30.67
2 -962.61 132.04 147,668.4 28.90 31.37* 29.88*
Model Il

0 —1743.13 NA 5.08e+13 48.58 48.77 48.66
1 —949.30 1433.29 36,783.68 27.53 28.86443* 28.06
2 —881.62 110.92 15,569.73 26.65 29.12 27.63

the best lag duration. The best lag was recognized as the one having the lowest value by each standard. The analysis
determined that the most appropriate lag order for the MINT countries is 2.

Using Engle’s two-phase approach for testing co-integration based on residuals, the research conducted the Pedroni
panel co-integration analysis to explore a long-term association among the chosen factors within the MINT economies.
While discussing the results, a deeper interpretation of the outcomes from the Pedroni co-integration analysis, succinctly
summarized in Table 6, reveals significant long-term relationships among the variables in Model 1, which includes trade
drivers such as trade balance, trade reserves, exchange rate, labor force participation, population, and trade openness.
These relationships indicate that changes in trade dynamics have persistent effects on the economic landscape of the
MINT countries. In Model 2, the analysis further illustrates the interactions between trade drivers and renewable energy
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Table 6 'Pedroni o Within dimension measure Statistics P-value Weighted statistics P-value
integration results
Panel- v statistic -0.32 0.62 -1.25 0.89
Panel- rho statistic 0.58 0.72 1.09 0.86
Panel- PP statistic —2.28 0.01 -3.20 0.00
Panel- ADF statistic —2.96 0.00 —5.44 0.00
Between-Dimension
Group- rho statistic 1.69 0.95 - -
Group- PP statistic -4.60 0.00 - -
Group-ADF statistic -4.47 0.00 - -
Model lI
Panel- v statistic -1.00 0.84 -1.39 0.91
Panel- rho statistic 1.05 0.85 1.39 0.91
Panel- PP statistic -1.70 0.04 -2.60 0.00
Panel- ADF statistic -1.60 0.04 -1.84 0.03
Between-Dimension
Group- rho statistic 1.86 0.96 - -
Group- PP statistic -3.24 0.00 - -
Group-ADF statistic -2.64 0.00 - -

“Significance: ***p <0.01; **p < 0.05; *p < 0.1 denotes significance level respectively

consumption. The significant co-integration suggests that as trade drivers evolve, they are likely to influence renewable
energy consumption patterns over the long term. This interconnection highlights the importance of trade policies and
economic conditions in shaping sustainable energy practices within these economies. Overall, the findings underscore
the critical role that trade drivers play in not only facilitating economic growth but also in promoting the transition
towards renewable energy, emphasizing the need for policy-makers to consider these long-term relationships when
formulating strategies for economic and environmental sustainability.

Granger causality is employed to predict the association between the factors, in contrast to co-integration analysis,
which overlooks the influence of a variable’s previous value in relation to the present value of another. Applying the
Granger causality test is crucial for investigating possible cases of these effects.

Table 7 presents the results of the Granger causality study for the MINT countries, which offer interesting new informa-
tion. TOPEN and TB have a unidirectional causal relationship, according to this analysis, with TOPEN Granger driving TB at
a 1% significant level. This finding suggests that growth in TOPEN leads to a boost in the trade surplus; similarly, a boost
in the trade balance contributes to an increase in TOPEN within MINT economies. In a study by [47], The findings suggest
a unidirectional relationship between increasing exports to economic expansion, implying that increases in exports (a
component of trade openness) lead to economic expansions, which can affect the trade balance.

Moreover, the results establish a bidirectional causative link between the ER and TOPEN. This observation concurs
with earlier studies by [47], who explored the connections between trade conditions and currency exchange policies.
Their results imply a relationship between fixed ER regimes and increased TOPEN, illuminating a possible connection
between ER strategies and TOPEN. Furthermore, the findings identify a mutual causal relationship between the LFP rate
and TOPEN. This finding is consistent with prior studies; [48] find that trade liberalization positively affects labor market
outcomes, including higher LFP.

The 1% significance threshold indicates that the null hypothesis, which states that POP does not cause TOPEN, is
rejected, with a p-value of 0.00. This outcome underscores a causal association between POP and TOPEN within MINT
economies. The discovered relationship between POP and TOPEN is identified as unidirectional. This finding supports the
research by [49], which identified a positive correlation between a skilled workforce and trade openness (TOPEN). A skilled
population enhances productivity and innovation, leading to increased competitiveness in international markets. This
dynamic fosters a unidirectional causal relationship, where a more skilled workforce drives trade openness. The implica-
tions suggest that investments in education and training can facilitate greater integration into global trade networks.

The Granger causality results for Model 2, which examines the impact of macro trade drivers REC, are detailed in
Table 7. These results indicate that TR do not Granger-cause REC. The findings reveal that there is neither a unidirectional
nor bidirectional relationship between TR and renewable REC. The study findings indicate that in the MINT countries, a
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-rrea:)L:TtZ Granger causality test  pyormate hypotheses Null hypotheses W-statistic Zbar-Stat Prob
TB is not Granger Cause TOPEN No causation 1.19 —-0.82 0.41
TOPEN is not Granger Cause TB TOPEN—TB 5.45 2.55 0.01
TRis not Granger Cause TOPEN TR—TOPEN 6.11 3.08 0.00
TOPEN does not Granger Cause TR No causation 1.718 -0.41 0.68
ERis not Granger Cause TOPEN ER—TOPEN 6.11 3.08 0.00
TOPEN is not Granger Cause ER TOP—ER 4.98 2.18 0.02
LF is not Granger Cause TOPEN LF TOPEN 6.33 3.26 0.00
TOPEN is not Granger Cause LF TOPEN—LF 5.60 2.67 0.00
POPEN is not Granger Cause TOP POPEN—TOPEN 13.09 8.63 0.00
TOPEN is not Granger Cause POP TOPEN—POPEN 1.45 —-0.61 0.53
REC Model Il
TRis not Granger Cause REC No causation 3.19 0.75 0.44
REC is not Granger Cause TR No causation 1.73 0.40 0.68
ERis not Granger Cause REC No causation 2.88 0.52 0.60
REC is not Granger Cause ER ER—REC 493 2.14 0.03
LF is not Granger Cause REC No causation 4.18 1.54 0.12
REC is not Granger Cause LF REC—LF 6.79 3.62 0.00
POP does not Granger Cause REC No causation 6.77 3.22 0.00
REC is Granger Cause POP REC—POP 2.31 0.06 0.94
TB is not Granger Cause REC No causation 2.67 0.34 0.72
REC is not Granger Cause TB REC—TB 4.64 1.91 0.04

“Significance: ***p <0.01; **p <0.05; *p < 0.1 denotes significance level respectively

unidirectional relationship exists between REC and ER, meaning changes in renewable energy production and usage
directly influence ER, but not vice versa. This implies that fluctuations or growth in the renewable energy sector in these
countries can impact their currency values, potentially through mechanisms such as energy trade balances, investment
flows into renewable sectors, or changes in economic activity related to energy. However, ER fluctuations do not signifi-
cantly affect the renewable energy sector, possibly due to the sector’s resilience to short-term currency changes. This
result is in line with the study by [50], which shows that there is a bidirectional relationship between Brazil's use of REC
and ER through the use of Error Correction Model (ECM) analysis. Their results show that, over time, the exchange rate
affects the use of renewable energy sources, and the exchange rate is affected by the use of renewable energy sources.

Subsequent research revealed a unidirectional association between the LF and REC in MINT countries. This indicates
that while changes in the LF have little impact on REC, changes in the REC directly affect it. Specifically, an increase in
REC in these countries can lead to higher LF, potentially through the creation of jobs in the renewable energy sector,
improved economic stability from energy security, and better health outcomes from cleaner energy sources, which
enhance workforce productivity and participation. This result is in contrast with the study conducted by [51], which
looks at how India’s employment situation is affected by the expansion of renewable energy sources, especially solar
photovoltaic (PV) technology. Despite large investments in solar PV technology, according to their analysis, the number
of jobs in the industry fell marginally from 164,000 in 2017 to 114,000 in 2018. The analysis indicates that employment
levels do not significantly respond to changes in installed capacity, with an estimated employment elasticity of just 0.004.

The study also reveals a one-way relationship between POP and REC, implying that POP changes have a direct impact
on REC but not vice versa. This suggests that as the POP increases, the REC also rises, possibly due to higher energy
demand from a larger population requiring more electricity for residential, commercial, and industrial uses. However,
changes in REC do not significantly impact POP growth, meaning that while a growing population drives the need for
more renewable energy, the amount of renewable energy consumed does not influence population size. This finding
supports the research by [52], which argues for moderating population growth and expanding renewable energy usage
in the ASEAN region.

The study also reveals a unidirectional association between renewable REC and TB in MINT countries. This implies that
changes in renewable energy consumption directly influence the trade balance, with REC Granger causing TB. In other
words, increased REC in these countries can lead to improvements in their trade balance, potentially by reducing the need
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for energy imports, increasing energy exports, or enhancing economic efficiency and competitiveness. Changes in the
trade balance, however, have little effect on the use of renewable energy. Further, trade balance can influence renewable
energy consumption by affecting national income, allowing for increased investment in renewable projects. A positive
trade balance reduces reliance on imported fossil fuels, encouraging domestic energy development. It also promotes
supportive policies through enhanced government revenue, and facilitates technology transfer via international trade
agreements. Overall, these factors contribute to a greater emphasis on sustainable energy practices. The findings [53],
who discovered both long- and short-term cointegrating associations, are in line with this outcome. Their findings show
that whereas REC has a positive long-term effect on tuberculosis, it has a detrimental short-term effect.

The pivotal findings derived from the panel regression examination are comprehensively outlined in Table 8, covering
results from four different categories of examinations. Among these, the FEM emerges as the most robust modelling. The
Fixed Effects Model (FEM) exhibits a level of significance of less than 0.01, along with an F-test statistic of 54.70, signifying
a statistically meaningful model fit. Additionally, the adjusted R-squared value stands at 73%, indicating a substantial
proportion of explained variance within the model. When employing stepwise variable selection using regression, only
five elements are found with statistically significant estimated parameters. These variables, recognized as the principal
catalysts of commerce in the Mint countries, involve trade surplus, TR, ER, LF, and POP. This innovative discovery enriches
the understanding of crucial macro factors influencing TOPEN, consistent with previous research.

Table8 Summaryofpanel  pep var.isTo SR Pooled FEM FMOLS
regression results

Constant -151.76™" -138.76™" -93.66"
(-4.59) (8.56) (-2.91)

B 0.59" 0.59™ 0.56™" 0.66"
(3.45) (3.45) (3.23) 0

TR 1.02™ 1.02"™ 1.20™ 1.75™
(4.69) (4.69) (4.97) (4.90)

ER -0.00™ —0.00 *** -0.00™ 0.43™
(10.42) (10.42) (-5.68) (2.48)

LF 1177 1.17 % 0.85 *** 229"
(7.67) (7.67) (2.53) (2.20)

POP 201 2.07%** 1.37 *#* 217"
(1.26) (1.26) (2.57) (4.38)

Adj R? 0.73 0.73 0.75 0.76

F-test 5470 54.70%** 35.92%x*

B-P-LM 298.09%**

Hausman chi? 27 44%%*

REC Model Il

Constant 407.08™ 407.08%** 121.17%%+
(21.32) (21.32) (11.13)

B 0.29 0.29 0.125™ 2.14%%
(1.19) (1.19) (2.12) (3.99)

TR 1.49™ 1.49%** 0.44™ 0.64%**
(4.83) (4.83) (5.30) (0.89)

ER -0.00™" -0.00™" -0.00"™" —0.00%**
(-9.16) (-9.16) (-11.82) (-3.44)

LF 0.63™ 0.63*** 0.19™ 2.29%%*
(2.96) (2.96) (1.62) (5.82)

POP -5.75" —5.75%** -1.55™ -1.76™
(-22.86) (-22.86) (-8.59) (-4.43)

Adj R? 85.82 85.82 0.88.43 045

F-test 1823 182.3" 2222.54™

B-P-LM 234.01™

Pesaran CD statistics -0.036

Hausman chi? 23.44%%*

Significance level ***p <0.01; **p>0.05. * P<0.1 respectively
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The results of the study also showed a substantial and positive impact of the trade balance on TOPEN. At the signifi-
cance threshold of 1%, the coefficient estimates of 3=0.56 (p <0.01) highlight the noteworthy impact of the trade balance
on the TOPEN of MINT countries. This favorable association suggests that increased TOPEN can have a beneficial impact
on the trade surplus of MINT nations. It suggests that measures promoting TOPEN present opportunities for improving
a MINT nation’s trade surplus, leading to improved trade results. This result resonates with earlier research by [54], which
provides evidence supporting the notion that trade surpluses are positively linked to trade openness, indicating that
nations exhibiting greater trade surpluses tend to participate more extensively in international trade. These investiga-
tions offer robust empirical backing for the positive association between trade surplus and TOPEN.

The present investigation unveils a notable and meaningful connection between TR and TOPEN, indicating that nations
boasting greater TR display an enhanced inclination towards participating in foreign trade. This indicates that TR wields
a substantial impact on the TOPEN of MINT countries, as demonstrated by a coefficient with a value of $=1.20 (p <0.01)
at a significance level of 1%. This research presents proof of a notable and meaningful link between TR and TOPEN within
MINT counties, underscoring the vital function of TR in enabling global trade. These observations correspond with previ-
ous investigations conducted by [55] to find empirical evidence supporting the notion that higher TR is associated with
increased TOPEN, indicating a positive relationship between the two factors.

Upon analyzing the impact of the exchange rate ER on trade openness in MINT countries with unrestricted trade,
we discovered that the ER’s coefficient value is 3 =0.00 (p <0.1), suggesting that there is no statistical significance. This
finding suggests that trade openness in MINT countries is not significantly impacted by the ER). This result casts doubt
on the widely held notion that the ER is crucial in determining TOPEN. Upon reviewing the research on the connection
between international trade and currency exchange rates, [56] determined that the impact of ER on foreign trade is
complex and can be noteworthy under specific circumstances. However, it is not consistently clear-cut or significant. This
complexity arises from various factors, including the elasticity of demand for traded goods, which affects how responsive
trade volumes are to exchange rate changes; the distinction between short-term and long-term effects, where immedi-
ate adjustments may not persist as other variables gain prominence; and the influence of market expectations, which
can lead to volatility in exchange rates that doesn’t reflect fundamental economic conditions. Additionally, the effects
of exchange rate fluctuations can vary widely among countries based on their unique economic structures and trade
relationships. Thus, a nuanced and context-specific analysis is essential for understanding the impact of exchange rates
on trade dynamics, which can inform effective policy responses.

Our results unveil a favorable and noteworthy connection between LF and TOPEN in MINT nations as demonstrated
by a coefficient with a value of $=0.19 (p <0.01) at a significance level of 1%. This study observed that the influence
of labour force participation on TOPEN is notably pronounced within MINT economies. Nations exhibiting elevated LF
typically showcase a more extensive embrace of trade. This inclination can be ascribed to the premise that a proficient
workforce is more adept at capitalizing on the prospects afforded by global trade. Proficient laborers in MINT nations can
produce superior goods and services at competitive prices within worldwide markets. Moreover, they can easily adjust
to novel technologies and manufacturing approaches, empowering them to maintain competitiveness on a global scale.
This discovery corresponds with earlier investigations carried out by [57], which showed a positive association between
workforce skills and a nation’s export efficiency. Further this observation aligns with a previous study by [48], which finds
that trade liberalization positively affects employment market results, such as increased rates of labor force participation.

The results reveal a positive significant impact of Population on TOPEN in MINT nations. This discovery aligns with prior
research by [57], which shows that labor expertise is positively associated with a nation’s export effectiveness. Addition-
ally, the study observed that the impact of POP on TOPEN is specifically remarkable in MINT economies. The parameter for
the POP was determined to be 1.37 (p<0.01). Nations with larger populations often exhibit more extensive engagement
in trade. This tendency can be ascribed to the premise that a proficient populace is superior and poised to capitalize on
the possibilities afforded by global trade. The significance of the POP in MINT countries in enhancing TOPEN is notewor-
thy. A larger POP can contribute to increased TOPEN, as it provides a substantial consumer base and market demand. With
a sizable population, MINT countries have the potential to attract more international trade activities, fostering economic
interactions and trade partnerships. Additionally, a larger population may signify a diverse and skilled labor force, aiding
in the manufacturing of a variety of goods and services, and further boosting TOPEN. Overall, the demographic size of
MINT countries plays a crucial role in shaping and expanding their engagement in international trade.

Table 8 encompasses outcomes from four distinct types of tests for model 2. The FEM appears as the most reliable
explanatory model among these. The FEM model produces a p-value of less than 0.01, which, together with the F-test
result of 2222.54, indicates a statistically significant model fit. Furthermore, the corrected R-squared value of 88.43%
indicates a high level of explained variation within the model.
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The findings from Model 2 revealed that the trade balance has a positive and considerable impact on the REC of
MINT economies. This demonstrates that an improved trade balance, which reflects a surplus or reduced deficit in the
country’s trade transactions, positively influences the REC. A healthier trade balance can lead to greater financial stabil-
ity and increased resources available for investment in renewable energy projects. It also boosts investor confidence
and facilitates the import of advanced technologies and materials necessary for renewable energy development. Thus,
enhancing the trade balance can be a strategic approach for these countries to support and expand their REC. [58] high-
light the significant influence of economic growth, energy imports, consumption, and the current account balance on
renewable energy generation. Economic growth drives higher energy demand, prompting investments in renewable
technologies. Increased energy imports can diversify sources and enhance domestic renewable capacity. Additionally,
consumption patterns necessitate a transition to sustainable energy options. A favorable current account balance pro-
vides financial resources crucial for supporting investments in renewable energy infrastructure, emphasizing the need
for integrated energy policies.

The findings reveal that TR considerably promotes the REC in MINT countries. This shows that rising investment
and consumption in the renewable energy industry are a direct result of higher levels of trade reserves, which indi-
cate a nation’s ability to handle foreign commerce and maintain economic stability. The positive relationship between
trade reserves and renewable energy development in MINT countries can be attributed to increased financial capacity,
bolstered investor confidence, and easier access to critical technology and materials for renewable infrastructure. By
strengthening trade reserves, MINT countries are better positioned to accelerate the shift to renewable energy, supported
by improved financial stability and a dependable source of capital for essential imports. Additionally, trade reserves help
stabilize currency fluctuations, reducing cost volatility for imported renewable assets. This stability not only enhances
investor trust but also supports sustainable long-term planning in MINTs’ renewable energy sectors, contributing to
broader economic resilience and growth. This outcome is consistent with the previous study undertaken. by [59], which
showed that TR and renewable energy in 19 of the Asia Cooperation Dialogue’s member countries are causally related
over the long term.The finding that trade reserves (TR) and renewable energy are causally related over the long term,
as shown by [59], has important implications for understanding the dynamics between economic stability and sustain-
able energy development. This relationship suggests that higher levels of trade reserves may provide countries with the
financial stability necessary to invest in renewable energy projects.

Further study findings indicate that the exchange rate has a significantly negative impact on the renewable energy
consumption of MINT countries. This suggests that as the exchange rate depreciates, making foreign currency more
expensive, the consumption of renewable energy decreases, possibly due to higher costs for importing renewable
energy technologies and materials. However, despite this significant impact, the size of the coefficient is effectively zero,
implying that while the relationship is statistically significant, the actual effect size is negligible. Further, exchange rate
fluctuations can negatively impact renewable energy by increasing the cost of imported technology, which is crucial for
renewable projects reliant on foreign equipment like solar panels and wind turbines. Currency depreciation raises these
import costs, making renewable energy investments less attractive due to heightened project expenses. Additionally,
exchange rate volatility can deter foreign investors, who may view these fluctuations as financial risks, thus reducing capi-
tal flows into the sector. Higher operational costs for maintenance and imported spare parts further burden renewable
projects, potentially limiting profitability and growth. This result is consistent with earlier research by [60], which found
a comparable correlation between the use of renewable energy and exchange rates in Bangladesh, India, and Sri Lanka.
Rehman et al. identified that fluctuations in exchange rates can significantly influence the cost of importing renewable
energy technologies and components in these South Asian countries. When the exchange rate is favorable, it reduces
the cost of purchasing advanced renewable energy technologies from international markets, making it more feasible for
countries to invest in and implement renewable energy projects. Conversely, when exchange rates are unfavorable, the
increased cost of imports may hinder the growth and adoption of renewable energy, as projects may become financially
unviable or less attractive compared to conventional energy sources.

The findings also uncover that labor force participation significantly impacts renewable energy consumption in MINT
economies. This suggests that higher labor force participation rates lead to increased consumption of renewable energy,
likely because a more active workforce drives greater economic activity and energy demand, including for renewable
sources. Additionally, a robust labor force can support the creation and upkeep of infrastructure for renewable energy,
which will increase usage even further. These observations emphasize how critical it is to develop a robust labour market
to facilitate the expansion of renewable energy in these nations. This finding is in line with that of [61] research from 2022,
which showed that labour and power consumption have positive but inelastic effects in Nigeria.In the context of Nigeria,
this suggests that while expanding the labor force and increasing energy consumption are crucial for driving economic
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growth, the impact may be limited due to structural inefficiencies or other constraints within the economy. Factors such
as inadequate infrastructure, energy supply issues, or regulatory challenges may impede the effective utilization of labor
and energy, resulting in a less-than-proportional boost to overall economic productivity.

Further outcomes indicate that POP significantly negatively impacts REC in MINT economies. This suggests that as the
population increases, the per capita renewable energy consumption decreases, possibly due to higher overall energy
demand outpacing the growth in renewable energy capacity. Additionally, larger populations may strain existing infra-
structure and resources, leading to a reliance on more readily available non-renewable energy sources.In MINT econo-
mies, the negative relationship between population and renewable energy may arise from high energy demands in
densely populated regions, where conventional energy sources often dominate due to established, lower-cost infrastruc-
ture. Population pressures may also shift resources toward immediate energy needs, reducing renewable investments,
while urbanization can create spatial constraints, limiting the feasible expansion of renewable projects. These findings
highlight the challenges MINT countries face in scaling renewable energy to fulfil the needs of an expanding populace
and underscore the need for policies that promote substantial investment in renewable energy infrastructure to ensure
sustainable development. This finding supports prior research by [52] indicated that the shift towards renewable energy
has a significant impact on carbon dioxide emissions. Specifically, the utilization of renewable energy sources, such as
solar, wind, and hydropower, can lead to a reduction in CO2 emissions compared to traditional fossil fuels. As popula-
tions grow and countries expand their renewable energy infrastructure, the transition to cleaner energy sources can help
mitigate the environmental impact associated with increased energy consumption.This interconnectedness implies that
effective energy policies promoting renewable energy adoption in response to population growth can contribute to lower
CO2 emissions, supporting global efforts to combat climate change. Therefore, the findings reinforce the importance
of integrating population dynamics into energy planning and policy frameworks to achieve sustainable energy goals
while minimizing carbon emissions.

4.2 Policy implication

The finding that trade balance, as a driver of TOPEN, has a positive effect on REC in MINT economies carries significant
policy implications. Policy-makers should focus on strategies that enhance the trade balance to promote renewable
energy consumption. This can be achieved by boosting exports, reducing trade deficits, and improving the overall
economic environment to attract foreign investments in the renewable energy sector. Strengthening trade policies to
support these goals will not only improve the trade balance but also provide the financial stability needed to invest
in renewable energy infrastructure. Additionally, encouraging partnerships and trade agreements that facilitate the
exchange of renewable energy technologies and expertise can further drive the growth of the renewable energy sector.
Overall, policies that improve the trade balance can play a critical role in accelerating the transition to renewable energy
and achieving sustainable development goals in MINT economies.

The finding that trade reserves, as a driver of trade openness, have a positive impact on renewable energy consump-
tion in MINT economies—has important policy implications. Policymakers should focus on strategies to build and main-
tain robust trade reserves to promote renewable energy consumption. This can be achieved by encouraging exports,
optimizing foreign exchange earnings, and maintaining a favorable balance of payments. Policies that strengthen the
economic framework, reduce trade deficits, and attract foreign investments will enhance trade reserves, providing the
financial resources necessary for investing in renewable energy infrastructure and technologies. Additionally, leverag-
ing trade reserves to import advanced renewable energy technologies and expertise can accelerate the transition to
sustainable energy sources. Ensuring stable and ample trade reserves can help MINT economies buffer against economic
shocks and currency fluctuations, thereby supporting consistent and long-term investment in renewable energy. Overall,
enhancing trade reserves should be a strategic priority for policy-makers aiming to boost renewable energy consump-
tion and achieve sustainable development goals.

The finding that LF, as a driver of trade openness, has a positive impact on REC in MINT economies—suggests several
policy implications. Policy-makers should prioritize initiatives that enhance labor force participation to support the
expansion of REC. This can be accomplished by offering educational and career-training programs that give workers
the skills required in the renewable energy industry, encouraging creativity and the development of new technologies.
Additionally, labor market reforms that promote job creation, especially in renewable energy industries, can further
increase labor force participation and, consequently, renewable energy consumption. Policies that improve working
conditions, ensure fair compensation, and provide social safety can all help to increase worker participation rates. By
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focusing on these areas, MINT economies can create a robust labor force that supports the development and expansion
of renewable energy, contributing to sustainable economic growth and environmental sustainability.

The finding that POP, as a driver of trade openness, hurts renewable energy consumption in MINT economies—sug-
gests several key policy implications. Policy-makers should consider implementing measures to manage population
growth in a way that mitigates its adverse effects on renewable energy consumption. This can involve investing in family
planning programs, improving access to education, particularly for women, and enhancing healthcare services to reduce
birth rates and manage population size sustainably. Additionally, policies should focus on increasing the efficiency of
renewable energy systems to ensure that growing populations can be supported without disproportionately increasing
energy demand. Encouraging the development of smart grid technologies, improving energy storage solutions, and
promoting energy-saving practices can help offset the negative impact of population growth on REC. By addressing the
challenges posed by population growth, MINT economies can better support the expansion of REC and ensure sustain-
able economic and environmental outcomes.

The finding that exchange rates, as a driver of Trade openness, have a substantial negative influence on the REC in
MINT economies implies several important policy implications. Policy-makers should focus on strategies to stabilize
exchange rates to mitigate their adverse effects on REC. This can be achieved through sound macroeconomic policies that
reduce volatility, such as maintaining prudent fiscal and monetary policies, building robust foreign exchange reserves,
and improving overall economic stability. Additionally, reducing reliance on imported renewable energy technologies
by fostering local production and innovation can buffer the negative impacts of ER fluctuations. Encouraging FDI in the
renewable energy sector and promoting trade agreements that favor the import of necessary technologies at more
stable and predictable exchange rates can also help. By implementing these measures, MINT economies can enhance
the resilience of their renewable energy sectors to exchange rate volatility, ensuring more consistent and sustainable
growth in renewable energy consumption.

MINT countries can better manage exchange rate volatility by adopting flexible exchange rate regimes that adjust
to market conditions, minimizing external shocks. Establishing currency stabilization funds may help buffer short-term
fluctuations and improve investor confidence. Additionally, prioritizing bilateral and regional trade agreements can
secure stable foreign exchange inflows. Strengthening macroeconomic policies to control inflation and fiscal deficits
will also enhance trade balances. Together, these strategies create a stable economic environment, promoting increased
investments in renewable energy.

4.3 Examination employing alternative metrics

To confirm the trustworthiness of our results, we conducted further analyses. Applying various estimate approaches, such
as stepwise regression, the assertion that “The FMOLS estimator produces dependable and accurate estimations of the
short-term parameters while addressing endogeneity apprehensions” is grounded in the seminal research conducted
by Phillips and Hansen (1990), in which they established the limiting properties of FMOLS and illustrated its reliability
and effectiveness under certain circumstances. The outcomes of these estimation techniques are presented in Table 8.
Through the SR, Poole OLS, and FMOLS methodology, we consistently observed a favorable and statistically significant
relationship between trade surplus, trade reserves, currency exchange rate, LFP, and population size with TOPEN. The
reliability observed across different estimation techniques bolsters the credibility of our primary conclusions. It is particu-
larly noteworthy to mention that, throughout all four estimation methods (Stepwise Regression, Pooled OLS, FEM, and
FMOLS, the coefficient for the exchange rate remained uniformly zero. This indicates that the currency exchange rate lacks
economic importance as a determinant of trade in MINT countries [62]. As a result, we contend that our primary results
remain unchanged when applying alternative estimation techniques, as illustrated in Table 8. In Model 2, all estimation
methods indicated that TB, TR, and LF have positive and significant impacts on REC in MINT economies, while POP and ER
have significant negative impacts on REC. Consequently, we contend that our primary results in Models 1 and 2 remain
unchanged with the application of alternative estimation techniques, as illustrated in Table 8.

4.4 Constraints and future directions
Similar to any academic endeavor, this study possesses inherent constraints that may pave the way for future investiga-
tions. The findings of this study are contingent on the accuracy and reliability of the secondary data utilized. The cred-

ibility of this study depends on the dataset’s accessibility, magnitude, and temporal scope. Thus, securing the precision,
dependability, and integrity of the data gathering and evaluation methods is crucial for the achievement of the study and
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the applicability of its findings. The limited availability and partial nature of essential macroeconomic data prior to 1995
restrict the analysis of trade openness and its determinants within the MINT nations. Therefore, the dataset time-frame is
set from 1995 to 2022. This cross-national investigation utilizes a diverse modeling approach to analyze data concerning
trade openness and its predicted influences within the MINT economies. This strategy paves the way for groundbreaking
findings and fosters additional investigative pursuits. For instance, assessing the efficacy and dependability of the sug-
gested diverse modeling technique across various global regions, like the Gulf countries and the SAARC areas, offers a
compelling research direction. Hence, this investigation motivates academics to investigate further variables identified
by trade theories that could impact trade openness in different global settings. The information for this research was
derived from the World Trade Organization.

5 Conclusion

This research examines the relationship between trade openness (TOPEN) and five key macro indicators—trade balance,
trade reserves, exchange rate, population, and labor force participation—over the short and long term. It investigates
both unidirectional and bidirectional Granger causality between TOPEN and these indicators, emphasizing a cause-
effect relationship. Stepwise regression is used to identify primary factors affecting trade openness, followed by robust
validation through FMOLS, Pooled OLS, and FEM panel regression methods. Pedroni cointegration analysis confirms
long-term relationships, while Granger causality tests validate directional causality among these variables. The analysis
covers data from 1995 to 2020.

The findings confirm that macro trade factors significantly impact trade openness and renewable energy consumption
in MINT economies, consistent with prior research. As trade openness increases, trade balance, trade reserves, exchange
rate, population, and labor force exhibit a positive trend, with population as the most influential factor. Trade openness
is minimally affected by exchange rate. For renewable energy consumption, trade balance, trade reserves, and labour
force participation rate have a positive impact, while exchange rate and POP have negative effects. Notably, TR shows no
directional relationship with REC, whereas trade balance, exchange rate, population, and labour force participation rate
display unidirectional connections to renewable energy consumption in these economies [63, 64]. The findings of this
study underscore the critical influence of macro trade factors on both trade openness and renewable energy consump-
tion in MINT economies. Policy-makers should prioritize enhancing trade reserves, promoting favorable trade balances,
and leveraging population dynamics to boost renewable energy initiatives [65-67]. Moreover, given the minimal impact
of exchange rates on trade openness and renewable energy consumption, a focus on stable trade policies could facilitate
long-term economic growth and energy sustainability in these regions. Clear strategies that align trade policies with
renewable energy goals are essential for fostering a resilient and sustainable economic environment [68-72].
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