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Keywords: Abstract. The transition to a sustainable energy system is imperative given the escalating concerns over
CO:z emissions, fossil fuel dependency, energy security, and the pursuit of sustainable economic growth. This study
Green economic growth, investigates the nonlinear relationship between renewable energy consumption and economic growth
Eg?iﬁaﬂgd?ergy’ across 61 countries, categorized into high-, middle-, and low-income economies, over the period 1990-
SDGs. ' 2020. Using the Panel Smooth Transition Auto-Regressive (PSTAR) model, the results indicate that the

impact of renewable energy consumption on green economic growth is conditional on a threshold value
of 3.883. Below this threshold, renewable energy consumption negatively affects economic growth,
whereas above it, it becomes a significant driver of economic expansion. Furthermore, the transition from
a low to a high renewable energy consumption regime is abrupt, as indicated by the gamma transition
parameter of 2.592. These findings hold significant policy implications, suggesting the need for tailored
energy policies that facilitate the transition to higher renewable energy consumption levels to achieve
sustainable economic growth. The study provides concrete policy recommendations based on empirical
insights.

1. INTRODUCTION

Energy consumption plays a pivotal role in economic development, yet its environmental ramifications necessitate a transition
toward sustainable alternatives. Traditional energy sources, primarily fossil fuels, have been the dominant driver of industrialization
and economic growth. However, their extensive use has led to environmental degradation, exacerbated by greenhouse gas
emissions (Inglesi-Lotz, 2016). Technological advancements and policy shifts have paved the way for the integration of renewable
energy, which offers a cleaner, sustainable alternative (Souhail et al., 2021).

The global energy landscape has witnessed substantial transformations. The World and China Energy Outlook 2050 (2019)
predicts that clean energy will gradually replace coal, reaching a 56% share by 2050 (He et al., 2021; Rahman et al., 2021).
Despite these efforts, the question remains: does renewable energy consumption contribute to economic growth, and if so, is the
relationship linear or nonlinear? Previous studies have presented mixed findings. While some researchers argue that renewable
energy consumption fosters economic growth through technological innovations, job creation, and energy security (Apergis &
Salim, 2015; Khan et al., 2020; Topcu & Tugcu, 2020), others suggest that high initial investment costs and inefficiencies in
renewable energy technologies may hinder economic expansion, particularly in developing countries (Shahbaz et al., 2020; Maji
et al., 2019).

This study seeks to examine the nonlinear dynamics between renewable energy consumption and economic growth across
different income-level countries. By applying the PSTAR model, we investigate whether renewable energy consumption has
heterogeneous effects on economic growth at different consumption thresholds. Specifically, the study aims to answer the
following research question: How does the nonlinear relationship between renewable energy consumption and economic growth
vary across countries with different income levels?

Despite the growing body of research on renewable energy and economic growth, the literature remains inconclusive regarding
the nature of this relationship. Most studies have relied on linear models, which may fail to capture the complex and dynamic
interaction between renewable energy consumption and economic performance. This study aims to fill this gap by employing a
nonlinear framework, specifically the PSTAR model, to analyze whether the impact of renewable energy consumption on
economic growth varies across different income levels and thresholds.

Our contributions to the literature are as follows: Firstly, unlike previous studies that assume a linear relationship, we employ
a nonlinear approach to examine the threshold effects of renewable energy consumption on economic growth. Secondly, we
differentiate between High, Middle, and Low-Income countries, recognizing that the impact of renewable energy consumption may
vary depending on economic development levels. Finally, our findings offer valuable policy implications by identifying the threshold
beyond which renewable energy consumption becomes a significant driver of economic growth.

By addressing these gaps, this study provides a more comprehensive understanding of the renewable energy-economic
growth nexus and offers practical recommendations for policymakers seeking to balance economic and environmental priorities.

The paper is structured as follows: Section 2 presents a review of the existing literature. Section 3 outlines the data and
methodology. Section 4 discusses the empirical findings. Section 5 concludes the study and provides policy recommendations.
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2. LITERATURE REVIEW

The relationship between renewable energy consumption and economic growth has been widely debated in academic
literature. Some studies suggest a positive impact, while others highlight adverse effects or nonlinear associations, often
contingent on external factors such as technological progress, investment capacity, and policy frameworks.

2.1. Positive Impact of Renewable Energy on Economic Growth

Several scholars argue that renewable energy consumption fosters economic growth. Khan et al. (2020) assert that integrating
renewable energy enhances economic performance by reducing dependency on fossil fuels and stimulating technological
advancements. Similarly, Topcu and Tugcu (2020) highlight the role of renewable energy in job creation and economic
diversification, emphasizing its potential to reduce unemployment. Apergis and Salim (2015) further suggest that renewable
energy investments contribute to industrial expansion and technological innovation, positively affecting long-term economic
growth.

Empirical studies have corroborated these claims. Zafar et al. (2020) demonstrate that reducing fossil fuel reliance enhances
GDP growth, while Odhiambo (2009) and Naseri et al. (2016) confirm the energy-growth nexus in various economies. Zrelli (2017),
analyzing Mediterranean countries, finds a bidirectional causal relationship between renewable energy consumption and
economic growth, underscoring its role as a fundamental driver of development.

2.2. Negative or Nonlinear Effects of Renewable Energy on Economic Growth

Conversely, some studies argue that renewable energy consumption may impede economic growth, particularly in the short
run. The high investment costs and technological limitations associated with renewable energy transition often pose economic
constraints (Shahbaz et al., 2020). Maji et al. (2019) contend that the shift toward renewable energy reduces total factor
productivity, thereby slowing economic expansion. Similarly, Han et al. (2020) argue that renewable energy adoption lowers
corporate profitability, making it less attractive for businesses.

Bhattacharya et al. (2016) provide empirical evidence from the U.S., Ukraine, and India, indicating that renewable energy
consumption negatively affects economic development due to high transition costs. Ocal and Aslan (2013) also find
inconsistencies in the energy-growth relationship, suggesting that economic structures and technological capacities influence the
impact of renewable energy adoption. Qi and Li (2017) highlight China’s challenges in renewable energy expansion, citing high
operational costs and limited technological advantages as barriers to sustained economic growth.

2.3. Nonlinear Perspectives and the PSTAR Model

Given the mixed findings, recent research has emphasized the importance of nonlinear modeling in examining the energy-
growth relationship. Studies employing threshold models indicate that the impact of renewable energy varies depending on
consumption levels. Our study builds on this approach by employing the PSTAR model to assess whether renewable energy
consumption exhibits distinct effects on economic growth at different thresholds.

The findings of this research contribute to the ongoing debate by demonstrating that renewable energy consumption initially
exerts a negative impact on economic growth but becomes a positive driver once a critical threshold is surpassed. This aligns
with previous studies emphasizing the importance of policy interventions to facilitate a smooth transition toward higher renewable
energy consumption (Bayar et al., 2019; Carley et al., 2020).

Thus, the following hypothesis is put in this study:

Hypothesis (1): the RE at lower and higher levels impacts EAMFP differently

The majority of the findings, which draw on earlier research examining the linear causal relationship between renewable energy
and economic growth, indicate a range of inconsistent and non-stable impacts over the course of the study. This study contributes
by employing the nonlinear techniques, namely PSTAR model, to conduct a series of empirical assessments of the nonlinear
effects of renewable energy use on economic growth. It is crucial to use the PSTAR approach to determine if the transition from
one weak regime to another strong regime is abrupt or smooth if the authors demonstrate that such a connection is nonlinear.

3. DATA AND METHODOLOGY

The purpose of this study is to examine the impact of RE on EAMFP using threshold panel data models. According to Fehri et
al. (2024) and Ashfaq et al.(2024) , our model is presented as follows:
LnEAMFP; = By + B1LnGFCF; + BLnPOP; + B3LnRE;; + B,LnCO2;, + BsLnNTRADE;; + B¢LnFDI;; + &,
1)

The definition of attributes and the sources are presented in Table 1.

Table 1. Definition of variables.

Variable Designation Source
EAMFP Environmental Adjusted Multifactor Productivity OECD
GFCF Gross fixed capital formation (% of GDP) WDI
POP Labor force, total WDI
RE Renewable energy consumption (% of total final energy consumption) WDI
CcO2 CO2 emissions (kt) WDI
TRADE Terms of Trade WDI
FDI Foreign direct investment, net inflow (% of GDP) WDI

This study highlights the importance of considering the determinants of the non-linear relationship between renewable energy
and green economic growth. By assessing macroeconomic

factors.

We will also seek to determine whether thresholds are characterizing the relationship between RE and EAMFP in 61 countries
for different incomes between 1990 and 2020. The Panel Threshold Auto-Regressive (PTAR) model was established by Hansen
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(1999). The Figure 1 summarize the empirical framework in this research.

Case of of 61
countries > EAMFP=F(GFCFPOPRE,CO2,Trade,FDI)
1990 -2020

Cross-Dependence and Heterogeneity tests

l

LLS, IPS, and Hadri Unit root tests

i

Cointegration tests

l

Panel Smooth Transition Auto-regression
(PSTAR) estimation

Figure 1. Empirical framework.

Using this model, the endogenous variable y;, depends on several different non-dynamic relationships. Consequently, the
process y;, t € Z,i € Z (Equation 1) satisfies a two-regime PTAR model only if:

Yie = ti + 2?21 Pj Yit—j + B1Xic + B2 Xiel (qie > €) + ;¢ 2

where y; is the vector of individual fixed coefficients, p; is the autoregressive coefficients of the process y; , I(q;; > c) denotes

the indicator function concerning the transition variable g;; and the threshold parameter ¢, X;; = (X}t, Xl"t) is the matrix of k
exogenous variables that do not contain lagged explanatory variables, g = (B4, ..., B) and &;~N(0,c?).

For their part, Gonzélez et al. (2005) proposed to reinforce the PTAR model by creating a model called PSTAR. The purpose
of this model is to move from a fast transition approach to a smooth transition approach in the case of time series. Thus, the
process y;;:,t € Z,i € Z, conforms to a two-regime PSTAR model (Equation 3) if and only if:

Yie = i + Z7=1 Pj Vie-j + B1Xie + B2XitG(qir; v, ©) + &4 3
where G(q;:; v, ¢) signifies the transition function for the transition variable g;;, the threshold parameter ¢, and the smoothing
coefficient y.

As a preliminary step, it is crucial to estimate the PSTAR model and check for linearity, specifically the existence of a
statistically significant regime-switching effect. Gonzéalez et al. (2017) outlined a procedure to test the null hypothesis of linearity
(Ho: B, = 0, equivalent to Hy: y = 0) in the context of a PSTAR model. Itis possible to apply the Wald, Fisher, and LR tests, where

the corresponding statistics for each (specified in Equation 4) are as follows:

__ TN(RSSp—RSS1)., _ TN(RSSo—RSS)/K _ _

LM, = s, LMp = RSSS/TNNK) LR = —2[log(RSS,) — log(RSS;)] 4)
where RSS, and RSS; are the panel residual sum of squares. Under the null hypothesis, the Wald LM,,, LR statistics are calculated
according to a chi-squared distribution with K degrees of freedom, representing the number of variables; and the LM statistics

follow a chi-squared distribution.

4. EMPIRICAL RESULTS

In what follows, we show the relative descriptive statistics of the different variables changed into a logarithm (see Table 2). By
using the Jarque & Bera (1987) normality test and the Born & Breitung (2016) serial autocorrelation test, the null hypothesis of
these two tests is rejected.
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Table 2. Retrieval of the various descriptive statistics of the series.

Designation In_EAMFP In_POP In_GFCF In_TRADE In_RE In_CO2 In_FDI
Mean 7.343 15.331 3.434 4.053 3.492 -0.288 0.342
SD 1.092 1.893 0.534 0.534 1.136 1.363 1.469
Min 4,732 10.337 -1.229 -0.243 -2.813 -3.894 -8.948
Max 9.590 20.500 4.538 5.395 4.588 2.149 3.835
Skewness -0.118 0.021 -1.730 -1.357 -1.903 -0.428 -1.738
Kurtosis 2.132 3.434 13.028 11.697 7.678 2.327 8.364
JarqueBera (JB) 63.66 15.01 8866 6540 2866 93.26 3219
Probabilité JB 1.5e-14 5.5e-04 0.000 0.000 0.000 5.6e-21 0.000
Born-Breitung (BB) 106.79 186.30 28.28 14.82 27.21 39.94 46.58
Probabilité BB 0.000 0.000 0.000 0.001 0.000 0.000 0.000
Cv 0.149 0.124 0.136 0.136 0.325 -4.729 4.295
Observations 1891 1891 1891 1891 1891 1891 1891

Note: JB refers to the Jarque & Bera (1987) normality test. BB refers to Born & Breitung (2016). SD represents the standard deviation. All variables
are in natural logs.

Following globalization, cross-sectional dependence may be within and among nations (De Hoyos & Sarafidis, 2006; Bilgili et al.,
2017; Dong et al., 2018; Shahbaz et al., 2018). In addition, the unit root and panel cointegration tests are greatly skewed if the
cross-sectional dependence is not taken into account (O'Connell, 1998; Atasoy, 2017; Pesaran, 2021).

Table 3. Cross-dependence and heterogeneity tests.

Tests Valeur Probabilité
Pesaran 63.955 0.000
Frees 12.728 0.000
Friedman 539.902 0.000

Therefore, the tests suggested by Friedman (1937), Breusch & Pagan (1980), Frees (1995), Pesaran (2004), Pesaran (2006),
Peseran (2015), and Pesaran et al. (2008) are used to test cross-sectional dependence. These tests were crucial in identifying
how frequently shocks occurred in the cross-sectional portion of the data set. Regarding Table 3, the result indicates a breakdown
to reject the cross-sectional independent null hypothesis. In addition, the second panel in Table 3 tests the hypothesis of
homogeneity proposed by Pesaran & Yamagata (2008). The results of the homogeneity test reveal that the two statistics indicate
statistically significant probability values at the 1% level, leading us to accept the alternative hypothesis of heterogeneous
coefficients.

Due to the presence of cross-sectional dependency and heterogeneity, we employ Pesaran (2003) and Pesaran (2007) second-
generation unit root tests. Table 4 shows that all series show the presence of unit roots in level (rejection HO). As a result, we can
assume that all of the series are integrated into order 1. As a result, we must investigate the cointegration relationship between
variables using the first-generation tests of Kao (1999) and Pedroni (2004), as well as a second-generation test of Persyn &
Westerlund (2008). See Table 5.

Table 4. Results of the second generation of unit root test.

Variables In level In first difference
LLC IPS Hadri LLC IPS Hadri
In EAMEP -2.933™ 4.517 130.885 -14.514™ -19.795™ -0.269
- (0.001) (2.000) (0.000) (0.000) (0.000) (0.606)
In EMPLOY -9.382™ -2.630 146.109 0.1313" -4.8739™ 17.173
- (0.000) (0.004) (0.000) (0.552) (0.000) (0.000)
In GECF -5.298™ -3.738 52.520 -19.360™ -23.0376™ -4.2088™
- (0.000) (0.000) (0.0000) (0.000) (0.000) (1.000)
In TRADE -2.050" -1.787 62.400 -18.040™ -22.750™ 1.495
- (0.020) (0.037) (0.000) (0.000) (0.000) (0.067)
In RE 0.519 4.7627 113.465 -18.080™ -22.488™ 3.378
- (0.698) (1.000) (0.000) (0.000) (0.000) (0.000)
In co2 -3.130™ 2.189 117.937 -17.764™ -23.398™ -1.763
- (0.000) (0.985) (0.000) (0.000) (0.000) (0.961)
In EDI -18.583™ -12.727 42.235 -25.301™ -27.045™ -5.603™
— (0.000) (0.000) (0.000) (0.000) (0.000) (1.000)

Note: ™, ™, " represent the significance at 1%, 5%, and 10%; C: Constant; T: Trend; NS: Non-Stationary; S: Stationary; All variables are in natural
logs.

Table 5. Results of cointegration tests.

Tests p-value Decision
First generation Kao (1999) 0.03 Co!ntegrat?on
Pedroni (2004) 0.02 Cointegration
Persyn & Westerlund (2008) Value p-value Robust p-value Decision
Gt -1.413 1.00 0.00 Cointegration
Second Ga -0.426  1.00 0.00 Cointegration
generation Pt -5.528 1.00 0.00 Cointegration
Pa -0.353 1.00 0.00 Cointegration

We begin by checking for the presence of a non-linear effect of renewable energy on economic growth for this selected panel
of countries. For the linearity test, we check whether the order "m" is equal to one or not. The results of the specification test are
presented in Table (6). Indeed, the table shows that the p-value of the Lagrange Multiplier (LM) test and the likelihood test (LR)
for the null hypothesis of linearity compared to the alternative of the logistic PSTAR specification (m = 1). We find that the null
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hypothesis of linearity is rejected at the 1% significance level. Moreover, the rejection of linearity is stronger by the logistic
specification (m = 1). The results imply that there is a non-linear relationship between renewable energy consumption and growth
in this global panel. We therefore estimate the non-linear growth model using the PSTAR estimation.

Table 6. PSTAR(1) linearity tests.

Tests m=1
Statistique P-value
Multiplicateur de Lagrange (LM) 72.236 0.000
Fisher (LMF) 10.344 0.000
Rapport de vraisemblance (LR) 73.652 0.000

The linearity tests are only a first step before proceeding to the final estimation of the PSTR model. Determining the optimal
number of transition functions is an equally important second step, which allows us to determine the number of regimes describing
the dynamics of the relationship between renewable energy and economic growth. However, in order to be consistent with the
theoretical models described above, the maximum number of regimes is fixed at two.

In the next step, we begin a grid search to obtain threshold values "c" for the one-lag PSTAR model (as shown in the Appendix).
The optimal threshold value is the one that minimises the residual sum of squares (RSS) sequence. Table (7) shows the results
of the tests for the existence of the threshold value and provides information on the transition parameter.

Table 7. Test for the existence of RE threshold effects.
Order Threshold (¢) Parameter of transition (¥) RSS AlC BIC
m=1 3.883 2.592 84.074 -3.087 -3.040

Table (7) presents the results of the tests for the existence of the threshold value and provides information on the transition
parameter. The value minimising SCR, AIC and BIC is reached at the value of LnRE equal to 3.883 for m = 1, which is
exponentiated at 48.570.

We arrive, therefore, at the estimation by the PSTAR model, applying the linear and non-linear ordinary least squares method
on our data in order to move the threshold value to its equilibrium point to reduce the level of political stability. Indeed, Table (8)
presents the estimate of a regime below the threshold value. We conclude that the effect of renewable energy consumption on
economic growth is non-linear.

Table 8. PSTAR(1) regression.

LnEAMFP Regime 1 : LnRE < 3.883 Regime 2 : LnRE > 3.883
Variable Coefficient t-statistic Coefficient t-statistic
LnEAMFP;., 0.656 30.296 -0.069 -2.551
LnPOP; 0.321 5.714 -0.284 -3.784
LnGFCF; -0.083 -1.575 0.103 2.166
LnTRADE; 0.304 7.165 -0.068 -2.790
LnCO2; 0.365 5.951 -0.139 -1.554
LNRE; -0.137 -3.726 0.373 2.888
LnFDlI; -0.020 -1.730 0.037 2.120

For a low RE regime relative to EAMFP (LnRE < 3.883; i.e. BR = 48.570), the RE elasticity is estimated at -0.137. For a high
ER regime (3.883 < LnRE), the RE elasticity coefficient is estimated at 0.373. For which renewable energy consumption has
become positive and significant for economic growth. And so the "growth hypothesis" is validated when RE > 48%. In other words,
we find a sample of 1,538 observations that are able to boost their economic growth by 0.373 from a 1% increase in renewable
energy consumption. In fact, these results are in line with those of Rahman and Velayutham (2020).

Figure 2 shows that the smooth transition function with respect to the transition variable (LnRE), suggests that the transition
from a low RE regime to a high one is relatively abrupt because the value of is high, i.e. 2.592.

Gamma Transition Function

* & 89 & W SR Ll T
? i 0 1 2 3

Renewable Energy Consumption

Figure 2. Log (EAMFP) estimated transition function of Log (RE).

5. CONCLUSION

The aim of this research is therefore to study the relationship between renewable energy consumption and green economic
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growth in a multidimensional framework by introducing different explanatory variables, namely capital, labor, trade openness,
foreign direct investment and CO2 emissions over the period 1990-2020. for the case of countries with different incomes, namely
low-income countries (12 countries), middle-income countries (25 countries) and high-income countries (24 countries).

In the light of our results, the non-linear PSTAR approach verifies that the relationship between renewable energy consumption
and economic growth has only one threshold (break-even point) equal to 3.883, and that renewable energy consumption will only
be favorable to green economic growth above this threshold (Regime 2: LnRE > 3.883).

The results of our work are also revealing from the point of view of the relationship between energy and economic growth. The
expansion of solar and wind energy technologies, for example, is a solution that can help to reduce regional inequalities, and also
to tackle the problem of social exclusion in African countries. This is especially true since these forms of energy favors
decentralized applications, particularly in the context of rural electrification and isolated areas. This enables households living in
remote areas not connected to the national grid to benefit from the services offered by electricity from renewable sources.

Energy is a central element in the basket of goods and services to which every household must have access if it is not to be
considered poor. The lack of energy infrastructure and the quality of housing are among the characteristics of poverty. To combat
poverty, action must therefore focus, among other things, on the development and expansion of renewable energy technologies.
Consequently, it will be essential for governments to include general actions that stimulate the deployment of renewable energies,
such as the development of human institutional capacities, the establishment of research and development infrastructures and
the creation of a favorable investment environment.

Financing renewable energy in African countries is another challenge to integrating renewable energy into the current energy
mix. In these economies, the banking sector is the main source of external financing. As a result, renewable energy projects are
at a particular disadvantage. In fact, the financing of these projects is closely linked to the development of financial institutions.
Consequently, local governments should increase their capacity to finance these projects. An important step in this respect is to
improve the quality of national financial markets in order to increase national financing capacity.

From a political point of view, it is a question of ensuring a political framework to stimulate the use and development of
renewable energies and to create a favorable environment to attract more investments in this sector. In addition, it is important to
stimulate private investors and encourage them to become more actively involved in the vast field of renewable energy activity.
To achieve this, we need to encourage more public-private partnership initiatives and identify the obstacles to increasing
investment in renewable energies. Finally, it can be said that achieving the Sustainable Development Goals (SDGs) requires,
among other things, continued substitution in favor of renewable energies, which should result in increased investment in this
sector of activity.
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