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ABSTRACT: This study examines the relationship between energy consumption, renewable energy supply, and
economic growth in BRICS countries over the period 2000-2023 within the framework of panel data analysis. In
the analysis, economic growth is represented by gross domestic product, while total energy consumption and
renewable energy supply are used as the main energy-related variables. The study contributes to the literature
by evaluating the energy-growth nexus together with both total energy use and renewable energy dynamics in
BRICS economies. Since BRICS countries may be affected by common global shocks, cross-sectional dependence
is considered in the empirical framework. The stationarity properties of the variables are examined, and it was
determined that all series become stationary after taking first differences. The residual-based panel cointegration
test does not indicate a long-run equilibrium relationship among the variables. Therefore, the analysis focuses on
short-run dynamics using first-difference panel models rather than long-run equilibrium effects. The findings show
that renewable energy supply positively affects total energy consumption in the short run, while economic growth
is associated with higher energy demand. The Dumitrescu-Hurlin panel causality results indicate a unidirectional
causal relationship from renewable energy supply to energy consumption and from energy consumption to economic
growth. Consequently, energy consumption continues to play a significant role in short-term economic growth in
BRICS countries, while renewable energy investments indirectly support growth by expanding total energy supply.
These findings suggest that sustainable growth policies should combine renewable energy expansion with energy
efficiency, grid modernization, and demand-side management strategies.

KEYWORDS: Energy consumption; renewable energy; economic growth; BRICS; panel data; Driscoll-Kraay standard
errors; panel Granger causality
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1 Introduction

Energy is an indispensable input for the sustainability of economic activities and the continuity
of production processes. While industrialization, technological progress, urbanization, and population
growth continuously increase countries’ energy demand, the relationship between energy consumption
and economic growth has long been a central topic of debate in the economic literature. This situation
demonstrates that energy resources are of critical importance for the continuation of economic activities.
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For this reason, energy is regarded not merely as an intermediate input but also as a strategic determinant
of economic growth. However, there is no complete consensus in the literature regarding the direction
and nature of the relationship between energy consumption and economic growth. The validity of energy-
growth hypotheses varies depending on country groups, types of energy used, time periods, and econometric
methods. Consequently, the energy-growth relationship exhibits a contextual structure rather than a
universal one. In traditional studies, energy consumption has mostly been addressed through the lens of
fossil fuels and evaluated as a factor supporting economic growth. However, the fossil fuel-based growth
model has resulted in problems such as rising carbon emissions, environmental degradation, climate change,
and energy supply security. These developments have made it imperative that energy policies be designed
not only to support growth but also to prioritize environmental sustainability. In this context, renewable
energy sources have come to the forefront due to their potential to reduce environmental impacts and
ensure long-term energy supply security.

The relationship between renewable energy consumption and economic growth has been the subject of
increasing attention in the literature in recent years. It has been argued that renewable energy consumption
can support economic growth by contributing to cleaner energy use, energy security, and sustainable
development [1]. However, the relationship between renewable energy and economic performance may
vary depending on income levels, energy demand, and country-specific conditions [2]. This suggests that the
relationship between renewable energy and growth is influenced by temporal and country-specific factors.

In the context of these discussions, the BRICS countries (Brazil, Russia, India, China, and South
Africa) occupy a prominent position in the literature on energy and economic growth. BRICS economies
account for a significant portion of global GDP and world energy consumption; at the same time, they
are characterized by rapidly growing energy demand due to rapid industrialization, urbanization, and
population growth. However, the BRICS countries are quite heterogeneous in terms of their energy supply
structures. While Russia and Brazil are in a relatively advantageous position in terms of energy resources,
China and India have high energy import dependencies. This heterogeneous structure leads to variations
in the effects of energy consumption and renewable energy use on economic growth across countries [3].
Empirical studies on BRICS countries indicate the existence of long-term relationships between renewable
energy consumption and economic growth; however, no consensus has yet been reached regarding the
direction and strength of this relationship. For example, while some studies demonstrate that renewable
energy consumption supports economic growth, others show that this effect may vary by country [1,4].
Furthermore, it is observed that many studies cover relatively short time periods and do not sufficiently
account for the issue of cross-sectional dependence that may arise due to global shocks [5]. BRICS countries
may be simultaneously affected by global commodity prices, fluctuations in energy markets, financial
crises, and international regulations regarding climate policies. This situation leads to a weakening of
the assumption of independence among countries in panel data analyses. Therefore, in analyzing the
relationship between energy consumption, renewable energy, and economic growth, the use of panel
methods that account for cross-sectional dependence is important for the reliability of the results obtained.

The primary objective of this study is to empirically examine the effects of energy consumption and
renewable energy use on economic growth in BRICS countries during the 2000-2023 period. The study tests
prominent hypotheses from the energy-growth literature specifically for BRICS countries, while addressing
both short- and long-term dynamics. Furthermore, the study tests for cross-sectional dependence and uses
robust standard errors in the final fixed-effects specification. In these respects, the study aims to make
original contributions to the literature by (i) covering a current and long time span for BRICS countries,
(ii) analyzing energy consumption and renewable energy together, and (iii) accounting for cross-sectional
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dependence in the empirical framework. The findings are expected to guide policy design for sustainable
growth and energy transition in BRICS countries. During the manuscript preparation process, Al-assisted
tools were used for language editing and R coding support.

2 Literature Review

The relationship between energy consumption and economic growth has been one of the central areas
of research in the economic literature for many years. This relationship has been extensively studied from
both theoretical and empirical perspectives, particularly due to the central role of energy use in production
processes. Energy is not merely a production input but also a critical determinant of the sustainability of
economic activities.

According to the growth hypothesis, energy consumption is the primary determinant of economic
growth. In this context, an increase in energy supply supports economic growth by expanding production
capacity. In contrast, the conservation hypothesis argues that economic growth increases energy demand.
The feedback hypothesis, on the other hand, argues that there is a bidirectional relationship between
energy consumption and economic growth. The neutrality hypothesis, meanwhile, suggests that there is
no significant relationship between the two variables.

Initial studies largely focused on the relationship between total energy consumption and economic
growth. Particularly during periods when the energy mix was dominated by fossil fuels, it was found
that increases in energy consumption were strongly correlated with increases in production and income.
However, as environmental issues have escalated, carbon emissions have posed a global threat, and
sustainable development goals have come to the forefront, interest in renewable energy sources has grown
in the literature. In this context, the impact of renewable energy consumption on economic growth has
emerged as a distinct area of research [1]. Recent studies have shown that renewable energy is playing
an increasingly important role in promoting sustainable economic growth, particularly in developing
economies. Expanding renewable energy capacity contributes not only to environmental sustainability
but also to energy security and economic resilience against external shocks. Furthermore, renewable
energy investments support economic development by creating jobs, fostering technological innovation,
and reducing dependence on energy imports [6,7].

These developments have heightened academic interest in the effects of energy consumption on
economic growth and have led to a significant increase in the number of studies focusing specifically on
the role of renewable energy sources. While traditional studies have primarily focused on total energy
consumption and fossil fuel use, the consumption of renewable energy has gained increasing prominence
in the literature amid growing environmental concerns and discussions on climate change. Studies on the
effects of renewable energy on economic growth generally indicate a positive relationship, although the
strength of this effect may vary across countries and empirical settings [4]. Empirical studies focusing
specifically on BRICS countries support the existence of long-term relationships between renewable energy
consumption and economic growth; however, they yield differing results regarding the direction and
magnitude of these relationships. Some studies indicate that renewable energy supports growth and that
there is bidirectional causality between the variables [3], while others highlight heterogeneous results
across countries. This situation can be attributed to the differences in the energy supply structures and
economic characteristics of the BRICS countries.

Recent studies continue to provide evidence supporting the role of renewable energy in promoting
sustainable economic growth. A systematic literature review concluded that renewable energy consumption
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generally contributes positively to economic growth, although the magnitude of the effect differs across
countries and development levels [8].

More recent evidence from BRICS economies indicates that renewable energy investments and green en-
ergy adoption not only stimulate economic performance but also contribute to environmental sustainability
and employment generation [9].

Furthermore, studies employing advanced panel data techniques that account for cross-sectional
dependence report that different forms of energy consumption maintain significant long-run relationships
with economic growth in BRICS countries, highlighting the importance of energy transition policies for
sustainable development [10].

On the other hand, a significant methodological issue in the literature is that cross-sectional depen-
dence is often overlooked in panel data analyses. Global energy prices, financial crises, and common
policy shocks increase inter-country dependence, particularly in integrated economies such as the BRICS
countries. Consequently, panel data studies should account for cross-sectional dependence, particularly
when countries may be affected by common shocks [5]. While the literature generally demonstrates that
energy consumption and the use of renewable energy are closely linked to economic growth, it also indicates
that comprehensive studies on BRICS countries, utilizing long-term, up-to-date data and accounting for
cross-sectional dependence, are limited. This study aims to fill this gap by analyzing the relationship
between energy consumption, renewable energy, and economic growth in BRICS countries within an
up-to-date panel framework that considers cross-sectional dependence.

A significant portion of early research addressed energy consumption primarily in terms of total energy
use or fossil fuel consumption. In this context, energy consumption has been regarded as a critical factor
in sustaining economic activities and supporting production processes. A significant portion of empirical
findings indicates that, particularly in developing economies and those accelerating their industrialization
processes, increases in energy consumption expand production volumes, support total factor productivity,
and provide indirect contributions to trade capacity. However, it is acknowledged that the relationship
between energy consumption and growth is not merely a matter of quantitative increase but is also
influenced by variables such as the continuity of energy supply, price stability, the degree of external
dependence, and energy intensity. For this reason, it is noted that an increase in energy consumption does
not always generate growth to the same extent; while it may enhance productivity in some countries, in
others it can limit growth through cost pressures, import dependency, and current account balance issues.

As discussions on environmental degradation, climate change, carbon emissions, and sustainable
development have intensified, the literature has begun to focus not only on total energy consumption but
also on the composition of energy consumption. This shift has led to a rapid increase in studies examining
the impact of renewable energy sources on economic growth. Sources such as solar, wind, hydroelectric,
biomass, and geothermal energy are viewed not only as alternatives that reduce environmental costs but also
as factors that enhance energy supply security, create new investment opportunities, generate employment,
and promote technological innovation. In this context, the impact of renewable energy use on economic
growth is explained primarily through three channels. First, renewable energy investments generate
direct economic activity through infrastructure, engineering, equipment production, and maintenance
activities. Second, they can have a positive impact on the current account balance by reducing reliance on
energy imports. Third, by facilitating the transition to a low-carbon production structure, they align with
long-term sustainable growth strategies. The introduction and literature review sections of the current
study also emphasize that renewable energy investments can support growth through mechanisms such as
employment, technology transfer, innovation, and the reduction of energy import dependency.
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However, it cannot be said that the relationship between renewable energy and economic growth
is linear or always positive. The literature also indicates that renewable energy projects can have a
constraining effect on growth, particularly in the short term, due to high fixed investment costs, technology
imports, storage limitations, grid integration issues, and supply discontinuities. Especially in developing
countries, high financing costs can cause renewable energy projects to impose an additional burden on the
public budget or the private sector in the initial stages. Furthermore, the contribution of renewable energy
investments to growth depends not only on increases in installed capacity but also on the efficiency of that
capacity, the success of its integration into the grid system, the level of domestic technology development,
and the consistency of energy policies. Consequently, the literature includes studies that argue renewable
energy supports growth, as well as those that contend the effect may weaken depending on the country, time
period, and policy framework. This situation demonstrates that the energy-growth relationship, particularly
in the context of renewable energy, is dynamic, multi-layered, and sensitive to country-specific conditions.

2.1 The Relationship between Energy Consumption and Economic Growth

The relationship between energy consumption and economic growth is regarded in the economic
literature as one of the fundamental dynamics of production processes. Energy serves as a complementary
factor that enhances the efficiency of production factors such as capital and labor, and plays a critical role
in the sustainability of economic activities. The increase in energy demand resulting from industrialization,
technological advancements, and urbanization has become one of the key determinants of economic growth.
In this context, studies examining the direction and nature of the relationship between energy consumption
and economic growth occupy a significant place in both theoretical and empirical literature.

In the literature, the relationship between energy consumption and economic growth is generally
addressed within the framework of four main hypotheses: the growth hypothesis, the conservation hypoth-
esis, the feedback hypothesis, and the neutrality hypothesis. According to the growth hypothesis, energy
consumption is the primary driving force of economic growth, and an increase in energy supply directly
boosts production capacity. This approach finds particularly strong support in developing countries. In
contrast, the conservation hypothesis argues that economic growth increases energy demand. The feedback
hypothesis posits a bidirectional relationship between energy consumption and economic growth, while
the neutrality hypothesis states that there is no significant relationship between the two variables.

Empirical studies show that the relationship between energy consumption and economic growth varies
across country groups. In particular, the impact of energy consumption on economic growth appears to
be more pronounced in developing countries. The primary reason for this is that production processes in
these countries rely heavily on energy-intensive sectors, and increases in energy supply directly expand
production capacity.

The impact of energy consumption on economic growth is significant not only in terms of quantity
but also in terms of the composition of energy sources. While energy consumption based on fossil fuels
can support production growth in the short term, it may lead to problems such as environmental costs
and external dependency in the long term. Conversely, factors such as energy supply security, price
stability, and sustainability are among the key elements determining the impact of energy consumption on
economic growth.

When examined specifically in the context of the BRICS countries, the relationship between energy
consumption and economic growth exhibits a more complex structure. While these countries have high
growth rates, they are also among the economies with rapidly increasing energy demand. While rapid
industrialization in countries like China and India drives up energy consumption, the abundance of energy
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resources in countries such as Russia and Brazil provides a significant advantage that supports economic
growth. However, this heterogeneous structure leads to variations in the effects of energy consumption on
economic growth across countries.

Methodological approaches are also of great importance in analyzing the relationship between energy
consumption and economic growth. In particular, with the increasing use of panel data analysis, more
comprehensive results can be obtained for different groups of countries. However, since factors such as global
economic shocks, fluctuations in energy prices, and financial crises can affect countries simultaneously,
the issue of cross-sectional dependence arises in panel data analyses. This situation renders traditional
analytical methods inadequate and necessitates the use of more advanced econometric methods [5].

In conclusion, the relationship between energy consumption and economic growth is dynamic and
multidimensional, varying according to country-specific conditions, rather than being a one-way, static
relationship. While the role of energy consumption in supporting economic growth is particularly pro-
nounced in developing countries, the direction and strength of this relationship vary depending on factors
such as energy policies, economic structure, technological level, and external dependence. Therefore, a
comprehensive analysis of the relationship between energy consumption and economic growth is of great
importance for the formulation of sustainable development policies.

2.2 Renewable Energy and Economic Growth

The relationship between renewable energy and economic growth has been a subject of intense scrutiny
in the economic literature, particularly as sustainable development goals have come to the forefront over
the past two decades. The environmental costs of fossil fuels, carbon emissions, and energy supply security
issues have driven countries toward alternative energy sources, making the study of renewable energy’s
impact on economic growth even more critical.

From a theoretical perspective, there are various channels through which the use of renewable energy
can support economic growth. First, investments in renewable energy promote economic growth by increas-
ing physical capital accumulation. In particular, solar, wind, and hydroelectric energy projects contribute
directly to the economy through infrastructure investments and technology development activities. In this
context, previous studies have demonstrated that the impact of renewable energy consumption on growth
is particularly pronounced in developing countries [1]. Furthermore, empirical evidence suggests that
investments in renewable energy technologies stimulate economic activity through job creation, technolog-
ical innovation, and infrastructure development. In this regard, renewable energy has become a strategic
component of long-term growth policies in developing countries [8].

Second, the renewable energy sector supports economic growth through its capacity to create jobs.
The construction, operation, and maintenance of energy production facilities increase labor demand and
raise income levels. Furthermore, as this sector requires high technology and innovation, it contributes to
the development of the knowledge economy. This helps increase total factor productivity in the long term
and ensures sustainable growth.

Thirdly, the use of renewable energy strengthens macroeconomic stability by reducing dependence on
energy imports. Particularly in energy-importing countries, indirect effects on economic growth emerge
through the reduction of the trade deficit, the stabilization of exchange rates, and the improvement of
the current account balance. Previous research emphasizes that the use of renewable energy is closely
associated with income dynamics and energy demand in emerging economies [2].

However, the literature frequently emphasizes that the relationship between renewable energy and
economic growth is not always linear or strong. In particular, in the short term, the high initial costs
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of renewable energy investments, financing requirements, and infrastructure deficiencies can have a
constraining effect on economic growth. This situation stems from the long payback periods of renewable
energy projects and their initially low levels of efficiency. In this context, some studies indicate that
renewable energy consumption may have neutral or weak effects on growth in the short term.

Additionally, the intermittent nature of renewable energy sources (such as the variability of solar and
wind energy) can lead to fluctuations in energy supply, which may affect production processes. Therefore,
the development of energy storage technologies and the strengthening of grid infrastructure are among the
key factors determining the impact of renewable energy on economic growth.

A review of the empirical literature reveals that there is generally a long-term positive relationship
between renewable energy consumption and economic growth. The empirical literature demonstrates that
renewable energy consumption supports economic growth and that this relationship may become stronger
in the long term [1,4]. However, some studies indicate that country-specific differences are pronounced,
and the impact of renewable energy on growth varies depending on economic structure, energy policies,
and the level of technological advancement.

Particularly when evaluated in the context of BRICS countries, the impact of renewable energy
investments on economic growth exhibits a heterogeneous pattern. While the rapid increase in renewable
energy investments supports growth in countries such as China and India, this effect is observed to be more
limited in some countries. This situation stems from differences in countries’ energy policies, financial
capacity, and technological infrastructure.

In conclusion, the relationship between renewable energy and economic growth is multifaceted and
dynamic. While the short-term effects may be limited due to cost and infrastructure constraints, in the long
term, investments in renewable energy become a key driver of sustainable growth. Therefore, it is of great
importance that renewable energy policies be designed in alignment with economic growth objectives.

2.3 Empirical Studies on BRICS Countries

The BRICS countries (Brazil, Russia, India, China, and South Africa) have been at the center of empirical
studies examining the relationship between energy consumption and economic growth in recent years.
These countries hold a special position in the energy-growth literature due to their rapid economic growth,
rising energy demand, and pivotal roles in global energy markets. At the same time, these countries
attract attention as developing economies striving to strike a balance between sustainable growth and
environmental goals.

An examination of empirical studies on BRICS countries reveals that there is generally a long-term
relationship between renewable energy consumption and economic growth. For example, one study
on BRICS countries used ARDL and VECM methods to identify a long-term cointegration relationship
among the variables [3]. Furthermore, the study demonstrates the existence of bidirectional causality
(the feedback hypothesis) between renewable energy consumption and economic growth. Similarly, other
empirical studies on BRICS countries also demonstrate strong links between energy consumption and
economic growth. While studies based on panel data analysis reveal that energy consumption is a significant
determinant of economic growth, some studies argue that economic growth increases energy demand. This
suggests that both the growth hypothesis and the feedback hypothesis may hold true in the literature.

In this context, the growing interest in renewable energy in developing economies is noteworthy
in terms of both economic growth and environmental sustainability. However, it is noteworthy that the
impact of renewable energy consumption on economic growth is not homogeneous across BRICS countries.
Differences in economic structures, energy supply diversity, levels of technological advancement, and
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energy policies among these countries are among the key factors determining the direction and strength
of this relationship. For example, while renewable energy investments emerge as a key factor supporting
economic growth in countries such as China and India, this effect appears to be more limited in some other
BRICS countries. Recent studies have shown that renewable energy consumption affects not only economic
growth but also environmental sustainability. In particular, models that take carbon emissions into account
conclude that the use of renewable energy both supports economic growth and reduces environmental
degradation. Indeed, empirical analyses show that an increase in renewable energy use has positive effects
on GDP and facilitates a more efficient growth process compared to fossil fuels.

Furthermore, the literature emphasizes that multivariate models, which consider variables such as
energy consumption, economic growth, trade openness, financial development, and capital, yield stronger
results [11,12]. These studies reveal that there are not only direct but also indirect relationships between
economic growth and energy consumption. For further recent BRICS-focused evidence on renewable energy
consumption, economic risk, technological innovation, carbon emissions, and the broader energy-growth
nexus, we refer to [13-17].

However, a significant limitation in the literature is noteworthy. A substantial portion of studies on
BRICS countries rely on limited datasets or cover specific time periods. Furthermore, many studies do not
sufficiently account for important methodological issues such as cross-sectional dependence and country
heterogeneity. This limits the generalizability of the findings. Indeed, some studies emphasize that research
on the relationship between renewable energy and economic growth in BRICS countries remains limited
and that more comprehensive analyses are needed. In conclusion, empirical studies on BRICS countries
generally reveal a significant relationship between renewable energy consumption and economic growth.
However, the direction, strength, and dynamics of this relationship vary across countries. Therefore, it
is of great importance to take into account both country heterogeneity and the impact of global shocks
in analyses of BRICS countries. This study aims to contribute to the literature by addressing these gaps
through the use of an up-to-date dataset and panel methods that account for cross-sectional dependence.

2.4 Gaps in the Literature

A review of the existing literature reveals that although significant findings have been obtained
regarding the relationship between energy consumption, renewable energy, and economic growth, several
gaps remain, particularly in the context of BRICS countries. First, many empirical studies on BRICS
economies cover relatively short time periods and therefore do not fully reflect the recent expansion of
renewable energy investments or the impact of global shocks, including the post-COVID-19 period. Second,
a considerable part of the literature focuses either on total energy consumption or on renewable energy use
separately, while studies that examine both variables together within a comprehensive framework remain
limited. Third, although BRICS countries differ substantially in terms of energy supply structure, energy
dependence, and economic development levels, some studies rely on homogeneous panel assumptions and
do not sufficiently account for country heterogeneity. Fourth, common shocks such as global energy prices,
financial crises, and climate-related policies may affect BRICS countries simultaneously; nevertheless, many
studies do not adequately test or account for cross-sectional dependence. Finally, the distinction between
short-run and long-run dynamics is not always clearly emphasized, despite the fact that renewable energy
investments may generate cost pressures in the short run while supporting efficiency and growth in the
longer run.



Energy Eng. 2026;123(10):25 9

2.5 Original Contributions of the Study

This study aims to address the gaps in the literature identified above and offers several original
contributions to the energy-growth literature. First, it uses a current and relatively long dataset covering
the period from 2000 to 2023, thereby allowing the analysis to reflect recent developments in energy
consumption and renewable energy use in BRICS countries. Second, the study adopts a holistic approach
by examining total energy consumption and renewable energy consumption within the same empirical
framework. Third, it accounts for cross-sectional dependence by explicitly testing for it and by reporting
fixed-effects estimates with robust standard errors, which improves the reliability of statistical inference.
Fourth, the study distinguishes between short-run and long-run dynamics by first testing for cointegration
and then interpreting the final estimates within a first-difference short-run framework. Finally, the findings
provide policy-relevant implications for BRICS countries by emphasizing the need to combine renewable
energy expansion with energy efficiency, grid modernization, and demand-side management strategies.

3 Data and Variables

The dataset consists of a balanced panel covering Brazil, Russia, India, China, and South Africa. Annual
observations from 2000 to 2023 were used for each country; thus, the panel comprises N = 5 countries
and T = 24 years (a total of 120 observations). Since the BRICS group consists of five countries, the cross-
sectional dimension of the panel is limited by design. Therefore, the empirical findings should be interpreted
as average BRICS-level evidence rather than as country-specific estimates. The analysis includes three key
variables obtained from the World Bank database. The first is the cons variable, representing total energy
consumption measured in terawatt-hours (TWh). The second is the ren variable, representing renewable
energy consumption. The third is the gdp variable, representing real gross domestic product measured in
constant US dollars. The variables are used in their annual level values before the stationarity analysis, and
no logarithmic transformation is applied. All series have been converted into a country-specific panel data
format, and econometric tests were conducted using this structure.

In this study, the dependent variable is the annual change in energy consumption, defined as Acons.
The independent variables are modeled as the annual change in renewable energy supply (Aren) and the
annual change in gross domestic product (Agdp). These first differences are calculated as absolute annual
changes, not as logarithmic differences. The use of absolute first differences is not merely an econometric
choice; it also determines the interpretation of the analysis. For this reason, the study does not measure
a long-term cointegrated equilibrium relationship but rather identifies which factors trigger increases in
energy consumption in the short term. In other words, the coefficients obtained here capture the short-term
dynamics of the energy transition. Accordingly, the estimated coefficients should be interpreted as short-run
marginal changes rather than elasticities.

4 Stationarity and Cointegration

In econometric analysis, the risk of spurious regression is one of the most fundamental methodological
issues [18]. If two or more variables increase together but there is no true causal or equilibrium relationship
between them, ordinary level regressions can produce relationships that appear meaningful but are actually
misleading. For this reason, the stationarity properties of the variables were tested in the first step. For this
purpose, the Im, Pesaran, and Shin (IPS) panel unit root test was applied. The test results are reported in
Table 1.

As shown in Table 1, the p-values for the level values of the energy consumption (cons), renewable
energy (ren), and economic growth (gdp) variables were calculated as 0.4807, 1.0000, and 0.9160, respectively.



10 Energy Eng. 2026;123(10):25

In the IPS test, the null hypothesis (the null hypothesis of the study) is that the series contains a unit root,
meaning it is non-stationary. In the level series, these p-values are well above 0.05, and therefore, it is
concluded that the level values are non-stationary. In contrast, the IPS test p-values for the first differences
are 1.897 x 107> for the energy consumption difference, 0.08537 for the renewable energy difference, and
4.163 x 1078 for the GDP difference. This result confirms that the first differences of the series have become
stationary, meaning that all series are integrated of order I(1).

Table 1: Panel Unit Root Test Results (IPS).

. Level First-Difference .
Variable Interpretation
p-Value  p-Value
Energy Consumption (cons)  0.4807 1.897 x 107>*** Not stationary in levels; stationary after first differencing
Renewable Energy (ren) 1.0000 0.08537* Not stationary in levels; stationary after first differencing
GDP 0.9160 4.163 x 1078*** Not stationary in levels; stationary after first differencing

Note: In the IPS test, HO: “There is a unit root in the series”, meaning that the series is not stationary. ***p < 0.01, *p < 0.10.

The fact that the series are I(1), that is, they are not stationary at the level but become stationary at the
difference, leads us to the next critical question: Is there a long-run equilibrium relationship among these
variables? The answer to this question lies in cointegration analysis. If the variables move in tandem, that
is, if there is a common long-run equilibrium mechanism among them, a model operating at the level can
be economically interpreted. If no such equilibrium exists, the level regressions are likely to be spurious.

In this study, cointegration was tested by adapting the classical Engle-Granger approach to a panel
context. First, a level equation was estimated for total energy consumption, renewable energy, and GDP.

Subsequently, the residuals from this regression were obtained, and their stationarity was tested using
the IPS method. If these residuals are stationary (I(0)), the variables are cointegrated; that is, there is a
long-run equilibrium relationship between them. The results of the IPS test applied to the residuals are
reported in Table 2. The p-value obtained is 0.7531, which is well above the 0.05 threshold. This indicates
that the null hypothesis of no cointegration cannot be rejected, and therefore, there is no long-run common
equilibrium relationship between the variables. Accordingly, the subsequent empirical analysis is conducted
using first-differenced variables, and the findings are interpreted as short-run dynamics rather than long-run
equilibrium effects.

Table 2: Panel Cointegration Test (Engle-Granger-type residual IPS).

Test Statistic (Wtbar) p-Value

IPS residual test 0.68443 0.7531

HO: “The residuals are not stationary” = there is no cointegration.

This result is methodologically significant. For the BRICS countries, no statistically significant long-
run co-integration mechanism can be observed between energy consumption, renewable energy, and
economic growth. Therefore, interpreting “long-run coefficients” using level regression is unreliable and
carries the risk of spurious regression. From this point onward, the analysis proceeds exclusively with
first-difference data, that is, the short-term dynamic components of the variables. This also determines the
policy implications of the findings: The relationships measured here represent short-term marginal effects.
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5 Short-Run Causality: Panel Granger Causality Results

Since no long-run cointegration was found, the causality analysis was conducted using the station-
ary first differences. Directional causality relationships between the variables were estimated using the
Dumitrescu-Hurlin panel Granger causality test. The null hypothesis of the test is that one variable does
not predict the other; for example, “Aren is not a Granger cause of Acons”. Rejection of this hypothesis
indicates the presence of the relevant Granger causality.

The causality test was applied separately for different lag lengths. First, a one-period lag structure
(lag = 1) was tested, followed by a two-period lag structure (lag = 2). The lagged structure of the Dumitrescu-
Hurlin test is used to examine predictive causality, that is, whether past values of one variable help explain
another variable. In contrast, the fixed-effects regression reported later estimates contemporaneous short-
run associations among first-differenced variables. Therefore, the causality test and the regression model
serve complementary purposes rather than identical ones.

In the lag = 1 model, the relationship where changes in renewable energy supply predict changes
in energy consumption was found to be statistically significant at the 5% level; however, the effect from
energy consumption to economic growth remained significant only at a weak level. In the lag = 2 model,
the statistical strength of the main causal relationships increased. Therefore, the causality results reported
in Table 3 are based on the two-lag (lag = 2) model.

The results are presented in Table 3. A strong and statistically significant causal relationship was
found from changes in renewable energy supply to changes in energy consumption. This result supports a
one-way short-term effect in the direction of Aren — Acons. In contrast, no causality was detected from
energy consumption to renewable energy supply; this asymmetry suggests that renewable energy functions
as a supply component that feeds the system, but that energy consumption shocks do not trigger renewable
supply at the same rate.

Furthermore, a strong causal relationship was found from changes in energy consumption to changes
in economic growth. According to the results presented in Table 3, Acons is a statistically significant
Granger cause of Agdp (p-value at the 0.0001171 level). In contrast, no significant causality was detected
from Agdp to Acons. This finding confirms that, in the short term, energy consumption acts as an input to
economic growth.

Table 3: Results of the Panel Granger Causality Test (First Differences, lag = 2).

Hypothesis (H,) Z-Value p-Value Conclusion

Aren -+ Acons 2.6037 0.009223 H, is rejected; causality exists

Acons + Aren 0.7737 0.4391 H, cannot be rejected; there is no causality
Agdp -+ Acons —0.8417 0.4000 H, cannot be rejected; there is no causality
Acons + Agdp 3.8522 0.0001171 H, is rejected; causality exists

HO: “There is no Granger causality.” The symbol + means “is not a Granger cause”.

When these results are considered together, the short-term energy-growth mechanism for BRICS
countries can be interpreted as follows: An increase in renewable energy supply is driving up total energy
consumption; this rise in energy consumption, in turn, is supporting economic growth. This structure is
consistent with the “growth hypothesis”, which views energy consumption as the engine of growth. This
finding yields a critical policy implication: Countries that view energy consumption as the fuel for economic
activity may face growth-suppressing effects if they artificially curb energy demand in the short term.
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6 Assumption Tests, Model Selection, and Analysis of Error Structure

This section accomplishes two tasks simultaneously: (i) it clearly identifies which panel model has been
deemed reliable, and (ii) it tests whether the error structure of this model satisfies the classical assumptions.
All panel estimations and diagnostic tests were conducted in R using the plm, Imtest, sandwich, and car
packages. Panel unit root tests were implemented using the purtest function, panel Granger causality
was tested using pgrangertest, cross-sectional dependence was examined using pcdtest, and Driscoll-Kraay
standard errors were obtained using vcovSCC.

First, the model selection was conducted. In the panel regression based on the first difference, the
dependent variable was Acons, and the independent variables were Aren and Agdp. Three standard
comparisons were made regarding this model: (i) the Fixed Effects (FE) model versus Pooled OLS, (ii) the
Random Effects (RE) model versus Pooled OLS, (iii) the RE model versus the FE model. The F-test clearly
found the FE model to be superior to Pooled OLS (p-value = 3.583 x 10~!%). A Breusch-Pagan-type LM test
also showed that the RE model is superior to pooled OLS (p-value 7.65 x 107%). Therefore, panel effects
(country-specific fixed components) cannot be ignored.

The critical point is the Hausman test. The Hausman test directly compares the FE and RE estimators
and answers the question, “Is the RE model consistent?” The output of the Hausman test was x? = 92.479,
degrees of freedom 2, and a p-value < 2.2 x 10716, This result indicates that the RE model is not consistent
and should be rejected; conversely, the FE model is consistent. Therefore, the Fixed Effects (FE) model has
been selected as the final estimator. This also necessitates that policy interpretations of the results be based
on the FE model.

First, we examined whether there was excessive correlation among the explanatory variables. The
correlation matrix created using first-difference data indicates a positive and strong relationship of 0.890
between the change in energy consumption (Acons) and the change in renewable energy use (Aren).
However, the variance inflation factor (VIF) values were found to be around 1.748. The fact that the VIF
values are well below high thresholds such as 10 indicates that there is no serious multicollinearity problem.
This confirms that the model coefficients are statistically significant and that the Aren and Agdp variables
do not overshadow one another.

Second, we tested for the presence of heteroskedasticity (varying variance) in the error terms. In
the Breusch-Pagan test applied to the Fixed Effects model, the p-value of the statistic was calculated
as 3.16 x 1078, This value is well below the 0.05 threshold and clearly indicates the presence of a non-
constant variance structure in the error terms. In other words, the standard errors based on the classical
(homoscedastic) assumption are unreliable.

Third, the panel error terms were tested for serial correlation (autocorrelation). In the Breusch-
Godfrey/Wooldridge-type panel serial correlation test, the p-value was found to be 0.0002883. This indicates
that the error terms are not independent over time; past errors are related to current errors. The correlation
of residuals over time further reduces the reliability of standard OLS-based standard errors.

Finally, cross-sectional dependence was tested. The results of the Pesaran CD test (z-statistic 3.4614,
p-value 0.0005374) indicate that the error terms of the BRICS countries are not independent of one another,
meaning that common shocks or spillover effects were found among the countries. This result is also
economically meaningful: major energy price shocks, global energy supply conditions, or geopolitical
developments typically affect these countries collectively. Therefore, it is clear that they do not behave like
independent economies. All of these tests are summarized in Table 4.
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Table 4: Summary of Hypothesis Testing and Diagnostic Tests.

Test Statistic p-Value Conclusion

Correlation (Acons, Aren) 0.890 - Highly correlated relationship

VIF (Aren, Agdp) 1.748 - No serious multicollinearity problem
Breusch-Pagan (heteroscedasticity) 34.543 3.16 x 1078 There is heteroscedasticity
Breusch-Godfrey/Wooldridge (serial correlation)  53.765 0.0002883 There is serial correlation

Pesaran CD (cross-sectional dependence) 3.4614 0.0005374 There is interdependence among countries

Note: All results were obtained using first differences.

In light of these findings, it is clear that interpretations based on classical standard errors cannot
be relied upon. The simultaneous presence of heteroscedasticity, serial correlation, and cross-sectional
dependence implies that ordinary standard errors may be systematically biased (mostly overly optimistic).
Therefore, the study bases its final interpretations on results obtained using robust standard errors of the
Driscoll-Kraay (SCC) type on the Fixed Effects model. The Driscoll-Kraay covariance estimator provides
standard errors that are robust to heteroscedasticity, autocorrelation, and cross-sectional dependence. This
correction affects the estimated standard errors and significance levels, but not the coefficient estimates
themselves. Consequently, Table 5 should be considered the study’s primary regression output for policy
reporting purposes.

Table 5: Final Fixed Effects (FE) model. Dependent variable: Change in energy consumption (Acons). Standard errors:
driscoll-kraay (SCC).

Variable Coefficient Std. Errors (SCC) t-Statistic p-Value
Aren 0.989 0.475 2.082 0.0397
Agdp 0.107 0.037 2.851 0.0052

Note: Country-specific fixed effects are included. Driscoll-Kraay (SCC) standard errors were used.

7 Final Short-Term Coefficients and Interpretation

The Fixed Effects model used Acons as the dependent variable and Aren and Agdp as independent
variables; standard errors were corrected using the Driscoll-Kraay (SCC) method. The results of this final
model are reported in Table 5. The FE model used here focuses on explaining contemporaneous (same-
year) first differences; that is, Acons;, is related to Aren;; and Agdp;; at the current time. In the Granger
causality test, lagged values (specifically two-period lags) were used, and the purpose of this test is to assess
predictive power, not to estimate structural coefficients. Therefore, the two-period lag structure in the
causality test does not require the final regression model to include the same lag length. The Granger test
indicates lagged predictive relationships, while the FE + Driscoll-Kraay model reports contemporaneous
short-run associations.

The results in Table 5 clearly demonstrate two key relationships. First, the coefficient for the increase in
renewable energy supply is approximately 0.99 and is statistically significant at the 5% level (p = 0.04). This
result indicates that short-term increases in renewable energy capacity increase total energy consumption
rather than reducing it. In other words, renewable energy is not yet fully replacing fossil fuels at this stage;
rather, it is expanding the total supply to support the system, particularly during periods of high demand.
This finding debunks a common misconception regarding the energy transition: the addition of renewable
capacity does not, at least in the short term, reduce total consumption on its own.

Second, the coefficient of change in economic growth (approximately 0.107) is positive and statistically
highly significant (p = 0.005). This result indicates that, in the short term, increases in economic activity
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occur alongside increases in energy consumption. This situation indicates that economic growth in BRICS
countries continues to proceed within an energy-intensive structure, and that energy demand remains a
fundamental input for growth. When evaluated alongside the panel Granger causality results, this picture
implies that increases in energy consumption trigger economic growth and that growth has not yet fully
decoupled from energy demand (has not yet experienced a complete “decoupling”).

Two critical policy implications emerge at this point. First, strict restrictive policies aimed at limiting
energy consumption in the short term risk directly impacting growth in these countries. Second, increasing
renewable energy, rather than simply reducing fossil fuel demand, serves to supply existing energy demand
in a more secure and diversified manner. Therefore, renewable energy strategies cannot be considered
independently of energy efficiency and demand management policies. Renewable energy expansion should
be supported by energy efficiency policies, grid modernization, storage technologies, and demand-side
management strategies. Not only supply-side investments but also policies that increase energy efficiency
and transform the energy-intensive growth model are necessary. In addition, policy design should consider
affordability, energy access, and the possible social effects of demand-side measures, especially for low-
income households and energy-intensive sectors.

8 Conclusion and Policy Implications

This study examines the relationship between energy consumption, renewable energy supply, and
economic growth in BRICS countries for the period 2000-2023 using panel data techniques. Since the
analysis is based on five BRICS countries and annual observations, the findings should be interpreted as
average short-run panel evidence rather than as identical effects for each individual country. The findings
clearly reveal several key methodological points. First, all variables are not stationary at the level, but their
first differences are stationary; this indicates that the series have an I(1) structure (Table 1). Second, no
long-term common equilibrium relationship was found between the variables; the panel cointegration test
shows that the residuals are not stationary (Table 2). This finding makes the interpretation of long-run level
coefficients econometrically inappropriate and necessitates conducting the analysis through short-term
dynamics. For this reason, all coefficient estimates and policy implications in the revised analysis are
interpreted within a short-run first-difference framework. Third, it has been shown that in the short term,
an increase in renewable energy supply triggers an increase in total energy consumption; an increase in
energy consumption predicts an increase in economic growth (Table 3). This causal chain is unidirectional,
beginning with renewable energy supply, followed by energy consumption, and then economic growth; no
statistically significant feedback loop in the opposite direction was detected. Furthermore, the effect is not
instantaneous but becomes stronger under a two-period lag structure. This finding confirms that energy
consumption continues to function as a short-term input to economic growth in the BRICS context.

Fourth, the model selection process favors the Fixed Effects (FE) estimator over the Random Effects
(RE) estimator. The Hausman test rejects the RE specification, indicating that the FE model is preferable
for the final estimation. Therefore, the empirical interpretation is based on the FE specification. Fifth,
heteroskedasticity, serial correlation, and especially cross-sectional dependence reflecting simultaneous
shocks across countries are present in the error terms (Table 4). Therefore, classical standard errors are
unreliable, and the final FE estimates are reported with robust Driscoll-Kraay (SCC) standard errors.

The final model (Table 5) should be interpreted within this framework. The Fixed Effects panel model,
after controlling for country-specific fixed characteristics, shows that an increase in renewable energy
supply increases energy consumption on a nearly one-for-one basis, and that increased economic growth
positively impacts energy consumption. These results reveal that energy consumption is still the short-term
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fuel for growth in BRICS economies, and that renewable energy capacity currently functions more as a
tool to expand total supply and support growth. From a policy perspective, these findings suggest that
restrictive measures that directly suppress energy consumption may be costly in the short term for growth,
and therefore efficiency-focused policies (reducing energy intensity, technological modernization, grid
optimization, demand-side management, etc.) are likely to be more effective. Furthermore, the cross-
sectional dependence finding shows that BRICS countries do not behave as isolated energy islands, but
rather respond jointly to common shocks. Therefore, energy transition policies should be considered not
only at the level of individual national strategies, but also within the framework of regional cooperation
and coordination.

In conclusion, this study shows that renewable energy investments in BRICS countries act not as a
short-term energy consumption reducer, but as an additional supply channel enabling growth; energy
consumption, meanwhile, continues to support growth. The econometric analysis confirms why the tension
between growth targets and climate targets is felt so intensely in these countries. From a sustainability
perspective, simply increasing renewable energy supply is not enough; efficiency-based transformation
policies that gradually decouple growth from energy consumption in the medium term must also be
designed. The study also has several limitations. First, the panel is limited to five BRICS countries and
annual observations for the period 2000-2023. Therefore, the results should be interpreted as average
BRICS-level short-run evidence rather than as country-specific effects. In addition, although the fixed-effects
model controls for time-invariant country-specific characteristics, it does not allow the slope coefficients
to vary across countries. Moreover, Driscoll-Kraay standard errors improve the reliability of statistical
inference, but they do not fully eliminate potential coefficient bias arising from omitted common factors.
Second, the use of annual data may not fully capture shorter-term fluctuations in energy and growth
dynamics. Finally, the model focuses on three core variables, and future studies may extend the analysis by
including additional factors such as energy prices, trade openness, industrial structure, or policy indicators.
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