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Abstract

The shift toward renewable energy is a priority for many countries seeking to mitigate
climate change, support sustainable economic growth, and enhance energy security. This
study examines the relationships between fossil fuel energy consumption, renewable energy,
CO, emissions, CH, emissions, and economic growth in Saudi Arabia over 1990-2022, using
an Autoregressive Distributed Lag (ARDL) model and a Threshold Regression (TR) model.
The bounds test indicates a long-run relationship among the variables, while the error-
correction term suggests that approximately 52.7% of short-run deviations from long-run
equilibrium are corrected within one year. Renewable energy is positively and significantly
associated with economic growth in both the short and long run. However, the threshold
analysis provides insufficient statistical evidence of a nonlinear relationship: the estimated
split at 0.0425 yields a wild-bootstrap p-value of 0.943, while the levels specification yields
a p-value of 0.483. Accordingly, the estimated split is not established as a statistically
significant threshold. CO, emissions are positively associated with economic growth in both
renewable-energy regimes, whereas CH, emissions show a positive and significant long-run
association but negative short-run dynamics, with no statistically significant regime-specific
effects. Overall, the findings support a positive association between renewable energy and
economic growth in the linear model but do not establish a significant threshold effect.
These results inform the discussion of energy-transition policies in Saudi Arabia.
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economic expansion. However, this dynamic is accompanied by increasing environmen-
tal externalities, including greenhouse gas emissions such as carbon dioxide (CO,) and
methane (CH,), which contribute to climate change and broader environmental degrada-
tion (IPCC, 2022). In this context, several empirical studies have highlighted a trade-off
between economic growth and environmental quality, often analyzed through the Envi-
ronmental Kuznets Curve (EKC) hypothesis (Grossman & Krueger, 1995), which posits
that environmental degradation increases during the early stages of development, then
declines as income rises. In this context, the transition to renewable energy has emerged as
an important pathway for reconciling economic growth with environmental sustainability
(C. Chen et al., 2020; Anser et al., 2021; Addis & Cheng, 2023). Compared with conven-
tional fossil fuels, renewable energy generally has lower greenhouse gas emissions and may
promote long-term economic growth through technological advancement and improved
energy efficiency (IPCC, 2022; IEA, 2023). Although capital accumulation, labour, and
technological progress are central to conventional explanations of economic growth, energy
consumption is also an important dimension to consider, particularly in energy-intensive
economies such as Saudi Arabia.

However, the effects of renewable energy and energy consumption on economic growth
remain ambiguous and potentially nonlinear (Wang & Wang, 2020; Ivanovski et al., 2021;
Baz et al., 2021). Several empirical studies highlight that the energy—growth relationship
is highly dependent on the level of economic development, human capital, technological
capabilities, and institutional quality in each country (Destek & Sinha, 2020). Accordingly,
some empirical studies have examined whether the energy—growth relationship is asym-
metric or varies across threshold regimes, although the findings differ across countries and
model specifications. Furthermore, most empirical studies have focused on carbon dioxide
(CO,), paying less attention to methane (CH,), despite its importance as a greenhouse gas
(IPCC, 2022). This study considers methane emissions from industrial processes alongside
CO, emissions to examine their relationships with economic growth and energy-related
variables. However, the selected CH, indicator captures industrial-process emissions rather
than total methane emissions or emissions specifically from the energy sector. Recent em-
pirical studies highlight the use of dynamic and non-linear econometric models to examine
the multidimensional interactions among economic growth, energy consumption, and envi-
ronmental degradation, thereby offering deeper insights into sustainability issues (Youssef
etal., 2016; Algaralleh, 2021; Alshehry & Belloumi, 2024).

Although research on the energy—growth—environment relationship is expanding,
empirical findings remain inconsistent in three respects. First, the relationships involving
methane emissions receive comparatively less attention than those involving CO, emissions.
Second, many studies rely on linear specifications that may not capture nonlinear or regime-
dependent relationships. Third, evidence remains limited for oil-dependent economies
undergoing structural transformation, particularly Saudi Arabia under Vision 2030.

Empirical evidence on the relationship between renewable energy and economic
growth remains mixed. While some studies report positive contributions through effi-
ciency gains and technological advances, others suggest that the relationship varies with
economic development, energy structures, and institutional conditions. These differences
motivate further country-specific investigation without presuming that a nonlinear rela-
tionship necessarily exists.

In this context, Saudi Arabia offers an instructive case study. As one of the world’s
major oil producers and currently implementing structural reforms through Vision 2030,
the Kingdom is balancing economic diversification with ambitious climate commitments,
as illustrated by the Saudi Green Initiative, which aims to reduce carbon emissions and
accelerate the expansion of renewable energy.
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Against this background, this study asks whether the effect of renewable energy on eco-
nomic growth in Saudi Arabia is linear or varies according to the level of renewable energy
development. To address this question, the study examines the relationships between eco-
nomic growth, energy consumption, renewable energy, CO, emissions, and CH, emissions
within a unified empirical framework. First, the Autoregressive Distributed Lag (ARDL)
approach is employed to examine the short- and long-run relationships among the variables
within a linear framework. Second, threshold regression is employed to test whether the
effect of renewable energy on economic growth changes across different regimes defined
by the level of renewable energy.

Our study contributes to the literature on environmental and energy economics in
several ways, building on several previous studies (Apergis & Payne, 2010; Shahbaz et al.,
2013; Destek & Sinha, 2020; Mujtaba et al., 2022; G. Liu et al., 2023). For oil-dependent
economies such as Saudi Arabia, the energy transition raises important questions about the
role of renewable energy in supporting economic growth while addressing environmental
concerns. This study examines whether the relationship between renewable energy con-
sumption and economic growth in Saudi Arabia varies across regimes defined by renewable
energy consumption. By selecting renewable energy consumption as the threshold variable,
the analysis tests this possibility empirically without presuming that a regime-dependent
relationship exists.

From an econometric perspective, the study combines the ARDL approach with thresh-
old regression to examine the energy—growth relationship from complementary perspec-
tives. The ARDL model captures short- and long-run relationships among the variables,
while threshold regression tests whether the relationship between renewable energy con-
sumption and economic growth varies across regimes (Bekhet et al., 2017; Waheed et al.,
2019; Addo et al., 2021).

The remainder of the paper is organized as follows: Section 2 provides a review of the
relevant literature, Section 3 outlines the methodological framework and the dataset used
in the analysis, Section 4 reports and discusses the empirical results, Section 5 discusses
the results, and Section 6 concludes and sets out the policy implications and strategic
recommendations for Saudi Arabia’s economic development and energy transition agenda.

2. Literature Review

Meadows et al. (2004) emphasize the important role of energy, particularly coal and
oil, in the development of modern industrial economies. This role has made energy an
important issue in economic thought, although it was not until the 1970s that energy-related
issues became more prominent in the discipline. This shift can be explained by two main
contextual factors: growing environmental concerns and the increasing depletion of fossil
fuel resources, which emerged as critical global issues. One of the most influential contribu-
tions reflecting this shift was the Club of Rome’s 1972 report, The Limits to Growth. Based
on system dynamics simulations, the report highlighted the inherent limits to sustained
economic expansion, emphasizing that continued growth could become unsustainable
in the face of finite natural resources and escalating environmental degradation. In the
1970s, contributions by Solow (1974) and Stiglitz (1974) advanced the theoretical discussion
of economic growth, exhaustible natural resources, and the implications of resource con-
straints for long-term sustainability. These seminal works renewed interest in neoclassical
natural resource economics during the 1970s by formally integrating resource constraints
into growth theory. The oil crises of 1973 and 1979 further intensified academic and pol-
icy interest in the economic implications of energy dependence. Nevertheless, growing
awareness of the economic and environmental risks of heavy reliance on fossil fuels—such
as energy market volatility, greenhouse gas emissions, and ecological degradation—has
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reinforced renewable energy’s role as a pivotal pathway to sustainable development (Ozcan
& Ozturk, 2019). Given its ability to supply energy with zero or minimal greenhouse gas
and air pollutant emissions, renewable energy has emerged as a promising substitute for
fossil fuels, attracting growing interest from academics, practitioners, and policymakers
alike (Amri, 2018; Belaid & Zrelli, 2019; Dong et al., 2021). However, the potential contri-
bution of renewable energy to economic growth cannot be assumed to be uniform across
countries or levels of renewable energy use. This makes the relationship between renewable
energy consumption and economic growth an important empirical question, particularly in
economies that remain heavily dependent on fossil fuels.

2.1. The Link Between Renewable Energy and Economic Growth

The empirical literature on the relationship between renewable energy consumption
and economic growth remains inconclusive, with findings varying across countries, periods,
and empirical specifications.

A first group of studies highlights a positive relationship between renewable energy
and economic growth. Xuan (2025b) examined the relationship between renewable energy
consumption and economic growth in Germany over the period 1990-2023 using the au-
toregressive distributed lag (ARDL) model. The results indicate a positive and statistically
significant long-run relationship between renewable energy consumption and economic
growth. Using the System Generalized Method of Moments, Wen et al. (2025) examined
the relationship between green finance, renewable energy investment, economic growth,
and environmental sustainability across 22 European Union member states over the period
2000-2022. Their findings indicate a positive relationship between renewable energy invest-
ment and economic growth. Using data for European countries over the period 1970-2019,
Guliyev and Tatoglu (2023) examined the relationship between renewable energy and
economic growth, highlighting the importance of considering energy efficiency when as-
sessing this relationship. Similarly, F. Liu et al. (2025) found a U-shaped relationship
between renewable energy and economic growth across 30 provinces in China from 2001
to 2022. In this context, Song et al. (2025) examined the nonlinear effects of renewable
energy consumption on economic growth across 31 Chinese provinces from 2000 to 2022.
Their findings suggest that the relationship between renewable energy consumption and
economic growth varies across threshold regimes, with a negative association below the
estimated threshold and a positive association above it.

Other studies examine the dynamic and causal relationship between renewable energy
and economic growth. Using data from 35 OECD countries, Raifu et al. (2025) investigated
the causal relationship between renewable energy and economic growth and reported
bidirectional causality when labor and capital were incorporated into the analysis. Their
findings suggest that the relationship should be examined within a broader economic
framework that accounts for other production factors.

Evidence from Saudi Arabia and the Gulf Cooperation Council (GCC) provides a
relevant regional perspective on the energy—growth—environment nexus. AINemer et al.
(2023) examined the relationships between renewable and non-renewable energy con-
sumption, CO, emissions, and economic growth in Saudi Arabia using spectral Granger
causality and wavelet analysis. Their findings indicated a long-run causal relationship
between non-renewable energy consumption and economic growth, while renewable en-
ergy consumption was associated with economic growth across different frequencies and
with lower CO, emissions. The results also revealed variations in these relationships across
time-frequency scales. At the GCC level, Bekhet et al. (2017) investigated the dynamic
relationships among carbon emissions, financial development, economic growth, and en-
ergy consumption using an ARDL model. They reported long-run relationships and causal
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linkages among these variables in most GCC countries. For Saudi Arabia, their results
indicated unidirectional causality from carbon emissions to energy use.

More recent studies have further examined nonlinear relationships between renewable
energy consumption and economic growth in Saudi Arabia. Mighri and AlSaggaf (2023)
used NARDL-based approaches to investigate asymmetric relationships between renewable
energy consumption and economic growth, highlighting the importance of distinguishing
between positive and negative changes in renewable energy consumption. Hamdi et al.
(2026) subsequently examined renewable energy, industrialization, entrepreneurial activity,
and economic growth using threshold and quantile regression approaches. Their findings
showed that renewable energy was not statistically significant in either threshold regime,
indicating that the identification of a threshold does not necessarily imply a statistically
significant relationship between renewable energy and economic growth in each regime.

Collectively, these studies provide complementary evidence on the energy—growth—
environment nexus in Saudi Arabia and the GCC, but they employ different indicators
and econometric approaches. The present study complements this literature by exam-
ining the relationships between energy consumption, renewable energy, greenhouse gas
emissions, and economic growth within an ARDL framework, while testing whether the
relationship between renewable energy consumption and economic growth varies across
threshold regimes.

More directly related to the present study, Ferhi and Helali (2024b) used panel thresh-
old and smooth transition regression models for OECD countries to examine whether
the relationship between renewable energy and economic growth varied across regimes.
Ferhi and Helali (2024a) further examined the environmental and welfare implications of
renewable energy.

Taken together, the literature reports mixed evidence regarding the relationship be-
tween renewable energy consumption and economic growth. Differences in findings may
reflect country-specific conditions, energy-system characteristics, and the econometric ap-
proaches employed. The Saudi-specific evidence discussed above further highlights the
importance of testing whether the relationship varies across regimes rather than presuming
that a threshold exists.

2.2. The Link Between Economic Growth and Greenhouse Gas Emissions

The empirical literature on the relationship between economic growth and greenhouse
gas emissions reports mixed findings across countries, time periods, and types of emissions.

A first group of studies highlights a positive relationship between economic growth
and environmental degradation. Kukla-Gryz (2009) examined the relationship between
economic growth, international trade, and air pollution in 86 low- and lower-middle-income
countries. The findings indicate that economic growth and trade can contribute to increased
air pollution, although the pathways differ across income groups: changes in the structure
of economic activity are particularly relevant in developing countries, whereas more direct
scale-related effects are observed in developed countries. Similarly, Xuan (2025a) examined
the dynamic relationship between carbon dioxide (CO,) emissions and economic growth
in Australia over the period 1990-2023 using the autoregressive distributed lag (ARDL)
approach. The results indicate a positive relationship between GDP and CO, emissions.
Consistent with this evidence, Q. Chen and Zhang (2025) report positive and statistically
significant relationships among economic growth, energy consumption, and CO, emissions.

Evidence from Saudi Arabia further highlights the importance of considering the
composition of economic activity when assessing the growth—emissions relationship. Tlili
et al. (2025) investigated the relationship between economic growth and CO, emissions in
Saudi Arabia over the period 1970-2020 using ARDL and NARDL models. Their findings
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suggested that oil-related economic growth was associated with higher CO, emissions
in the long run, whereas non-oil economic activity was associated with lower emissions.
These results suggest that the relationship between economic growth and environmen-
tal degradation may depend on the structure of economic activity and the econometric
approach employed.

The relationship between methane (CH,) emissions and economic growth has also
been examined in several empirical studies, although the findings vary across countries and
contexts. Using data for selected oil-producing African countries, Yusuf et al. (2020) stated
a positive long-run relationship between economic growth and methane emissions, together
with evidence of a nonlinear relationship. Similarly, Djoukouo (2021) reported evidence
consistent with the Environmental Kuznets Curve (EKC) hypothesis for methane emissions
and economic growth in Central African countries, alongside bidirectional Granger causality
between the two variables. More recently, Destiartono and Firmansyah (2024) examined
the relationship between economic growth and methane emissions in Indonesia, also
considering the role of renewable energy in this relationship. Taken together, these studies
suggest that the relationship between economic growth and methane emissions may vary
across countries and contexts. In the present study, methane emissions are considered
separately from CO, emissions; however, the interpretation of the results depends on the
specific methane measure used.

A second strand of the literature examines whether the relationship between economic
growth and environmental degradation is nonlinear, including the possibility of an inverted
U-shaped relationship. Li and Haneklaus (2021) examined the relationships among renew-
able energy, economic growth, fossil fuel consumption, urbanization, and CO, emissions in
China over the period 1990-2020. Their findings indicate an inverted U-shaped relationship
between GDP per capita and CO, emissions in both the short and long run. Similarly, S. Jiang
et al. (2022) reported an inverted U-shaped relationship between economic growth and air
pollution, suggesting that the relationship between economic activity and environmental
degradation may change as economic growth progresses.

A third group of studies examines the direction of causality and the extent to which the
relationships between economic growth and emissions vary across countries. Mensah et al.
(2019) found evidence of unidirectional causality from carbon emissions to economic growth
in non-oil-exporting countries in both the short and long run, whereas bidirectional causality
was reported in the long run for oil-exporting countries. Raza et al. (2025) examined the
relationships among CO, emissions, economic growth, and energy consumption in BRICS
countries over the period 2009-2022. Their findings indicated a long-run relationship among
these variables, although the abstract does not establish a specific direction of causality.

Finally, Oprea et al. (2025) found a negative long-run relationship between GDP per
capita and CO, emissions in Iceland. They also identified an inverted U-shaped relationship
between renewable energy consumption and CO, emissions, indicating that this relationship
varies with the level of renewable energy consumption.

On the whole, the literature suggests that the relationships between economic growth
and greenhouse gas emissions vary across countries, emission measures, and economic
structures. Some studies document nonlinear relationships or evidence of causality, while
others highlight differences associated with national energy systems and the composition
of economic activity. These findings highlight the importance of examining environmental
indicators separately and avoiding the assumption that similar relationships hold across
countries. Accordingly, the present study examines the relationships between economic
growth and environmental indicators in Saudi Arabia and tests whether the relationship
between renewable energy consumption and economic growth varies across threshold
regimes, without presuming the existence of a threshold in advance.

https://doi.org/10.3390/economies14110515


https://doi.org/10.3390/economies14110515

Economies 2026, 14, 515

7 of 27

2.3. The Link Between Economic Growth and Fossil Fuel Energy

The empirical literature on the relationship between economic growth and fossil fuel
energy consumption highlights heterogeneous and sometimes contradictory findings across
countries and regions.

A first group of studies reports a positive association between fossil fuel energy con-
sumption and economic growth. Mensah et al. (2019) examined the dynamic relationships
among economic growth, fossil fuel energy consumption, carbon emissions, and oil prices
in 22 African countries from 1990 to 2015, distinguishing between oil-exporting and non-
oil-exporting countries. Using the pooled mean group (PMG) panel ARDL approach,
they found bidirectional causality between fossil fuel energy consumption and economic
growth in both the short and long run across the country groups. They also reported bidi-
rectional causality between fossil fuel energy consumption and carbon emissions. However,
the relationship between carbon emissions and economic growth differed across the two
groups: carbon emissions Granger-caused economic growth in both the short and long
run in non-oil-exporting countries, whereas bidirectional causality was found only in the
long run among oil-exporting countries. In addition, oil prices exhibited unidirectional
causality with economic growth, fossil fuel energy consumption, and carbon emissions
across the country groups. These findings highlight the interdependence of energy use,
economic performance, emissions, and oil prices, while indicating that the direction of
these relationships may vary with countries’ oil-exporting status. Similarly, Rahman and
Velayutham (2020), analyzing five South Asian countries from 1990 to 2014, found that
both renewable and non-renewable energy consumption were positively associated with
economic growth. Ivanovski et al. (2021) reported a positive and statistically significant
relationship between non-renewable energy consumption and economic growth in both
OECD and non-OECD countries. Likewise, Z. Jiang et al. (2022) found that fossil fuel
energy consumption was associated with higher economic growth in the East Asia—Pacific
region, where positive shocks to fossil fuel consumption were associated with higher growth.
AlNemer et al. (2023) also reported a significant long-run causal relationship between fossil
fuel energy consumption and economic growth in Saudi Arabia. In the same context, Alao
etal. (2025) found that economic growth in West Africa remained highly dependent on
fossil fuel consumption. Finally, Thach (2025) reported positive relationships between both
renewable and non-renewable energy consumption and economic growth, although the
estimated association was stronger for renewable energy.

A second strand of the literature highlights broader and more complex relation-
ships between energy consumption, economic growth, and environmental outcomes. For
instance, Usman et al. (2021), examining 15 high-emitting countries over the period
1990-2017, found that renewable and non-renewable energy consumption, together with
financial development, were associated with higher economic growth while also reducing
environmental pressure.

Overall, the empirical evidence indicates that the relationship between energy con-
sumption and economic growth varies across countries and energy systems. The findings
of Mensah et al. (2019), in particular, illustrate that these relationships may also depend
on oil-exporting status and the interactions among energy consumption, carbon emissions,
and oil prices. Such differences support examining the Saudi Arabian energy—growth
relationship in its specific economic and energy context, while treating the possibility of
nonlinear relationships as an empirical question rather than an assumption.

Taken together, the reviewed literature motivates testing the relationship between
renewable energy consumption and economic growth and assessing whether this relation-
ship varies across threshold regimes in Saudi Arabia. Accordingly, the study examines the
following hypotheses:
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H1. Renewable energy consumption is significantly associated with economic growth in Saudi Arabia.

H2. The association between renewable energy consumption and economic growth differs across
regimes defined by the level of renewable energy.

3. Econometric Methodology
3.1. Model Specification
3.1.1. ARDL Approach

To examine the associations between the fossil fuel share, renewable energy, CO,, and
CH, emissions and economic growth in Saudi Arabia, this study employs the Autoregressive
Distributed Lag (ARDL) model, following Pesaran and Shin (1995) and Pesaran etal. (2001).

The approach suits the present system for two reasons. It remains valid whatever
the mix of I(0) and I(1) regressors, provided none is I(2), and here, every series is I(1)
(Section 4.2), with none integrated of order two, satisfying the integration-order requirement
for the bounds-testing approach. It also performs well with small samples (Narayan, 2005),
an important property given 33 annual observations. Following Pesaran et al. (2001),
the ARDL model is reparametrized as an unrestricted error-correction model (UECM),
which jointly estimates the short-run dynamics and the long-run relationship. With LGDP
denoting the logarithm of real GDP, the model is:

1
+A,LGDP,_; + AJEC,_; + A3RE, | + A,CO2, 1 + AsCH4, ; + ¢, M

where

A denotes the first difference operator;

P, 41, 42, 3, and g4 denote the optimal lag lengths of the dependent and explanatory
variables;

A1, Ay, As, Ay, and A5 represent the long-run coefficients related to the variables involved
in the model;

g, represents the stochastic error term.

The bounds test is a single-equation procedure: it treats the fossil fuel share, renewable
energy, and the two emission series as long-run forcing variables for real GDP (Pesaran
et al., 2001). This assumption is strong in a hydrocarbon economy, where emissions are
largely a by-product of output and where long-run feedback from growth to emissions
has been reported for oil exporters (Mensah et al., 2019). It is therefore tested in two ways
(Appendix A). First, Granger non-causality is tested in both directions using the Toda and
Yamamoto (1995) procedure, which is valid regardless of the integration and cointegration
properties of the series. Second, long-run forcing is tested directly as weak exogeneity with
respect to the long-run relationship (Johansen, 1992): the lagged equilibrium error must
not enter the equation of a forcing variable. This test is run both in single-equation marginal
models and in a Johansen (1991) vector error-correction model in which all five series are
endogenous; the latter also gives a system estimate of the cointegrating vector that does
not rest on the forcing assumption. In all cases, the long-run coefficients describe the level
relationship that links the five series, normalized to LGDP; they are not causal effects of
emissions or renewable energy on output, which is why the CO, coefficient is interpreted
as a scale effect.

While the ARDL approach permits the assessment of short-run and long-run linear
connections between the variables, it may not adequately capture potential nonlinearities
and regime-dependent impacts. Consequently, to determine whether the effect of renewable
energy on economic growth varies across different levels of renewable energy expansion,
the analysis further employs a nonlinear threshold regression model.
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ALGDP, = (B} + BIAEC, + BIARE, + BMACO2, + BIACH4,) x I(RE_; < 7)

3.1.2. Non-Linear Threshold Regression

Since all variables are I(1), we estimate the baseline threshold regression (TR)
in first differences to ensure that the dependent and explanatory variables are sta-
tionary, while retaining the threshold variable—lagged renewable energy consumption
(RE_{t — 1})—in levels, as its role is solely to define the regimes. A separate levels specifi-
cation is then estimated as a threshold cointegration model to assess whether the identified
regime relationship has long-run content (Balke & Fomby, 1997; Gonzalo & Pitarakis, 2006).
The baseline equation is:

Yo =&+ Pr + 'z + & (2)

y; represents ALGDP x 100, the growth rate of real GDP (first difference in LGDP,
in %);

x; represents the regime-dependent regressor, the change in renewable energy con-
sumption (ARE);

z; gathers the first differences in the control variables, AEC, ACO,, and ACH,;

€; is an error term.

Following Hansen (2000), we estimate a two-regime model in this article and therefore
use the following formula:

0,’w, + ¢, ifg_, <
yt:{llt t f’hl Y (3)
0wy + &, if g >y

In Equation (2), ¢ is the coefficient vector of the controls. In Equation (3), w, = (1, x,,
z;")" stacks the intercept, the regime-dependent regressor, and the controls, and 6; and 6,
are the regime-specific coefficient vectors. Equation (4) writes out Equation (3) in full, with
superscripts indexing the regime and subscripts indexing the regressor, as in Equation (5).
Therefore, with the threshold variable q,_; = RE,_; kept in levels to define the regimes, the
regression model is written as follows:

4
+ (B3 + BIAEC, + B3ARE, + B3ACO2, + BIACH4,) x I(RE_; > 7) + i ()

The SSR-minimizing split reported in Section 4.6 leaves eight observations in the upper
regime, so it remains admissible under a stricter rule of eight observations per regime (25%
trimming); since a narrower grid cannot raise the sup-F statistic above its full-grid value,
the conclusion also holds under this stricter rule. The threshold effect is then tested through
the following hypotheses:

H: 11= IZVZZO,l,,é‘:
{ 0:pi =P (5)

Hy: ,311 * ﬁzz
The long-run counterpart, estimated in levels as a robustness check, is:

LGDPt = (0(1 + bllXt> XI(REt_l S 'Y) + (112 + blet) XI(REt_l > ')’)

6
+u, X, = (EC, RE, CO2, CH4,)', u, ~ I(0) (6)

Three implementation choices deserve emphasis. First, the dependent variable is
ALGDP x 100 and all regressors enter as first differences, so both sides of Equation (4) are
I(0). Second, the renewable energy consumption never falls over the sample, so the threshold
on RE,_; splits the sample into two consecutive sub-periods; because the asymptotic theory
of Hansen (2000) assumes a stationary threshold variable, the existence of the threshold is
assessed with the sup-F statistic of Hansen (1996) using a fixed-regressor wild bootstrap
(1000 replications) rather than asymptotic critical values. The 95% confidence interval for
<y is obtained by inverting the likelihood-ratio statistic of Hansen (2000). All coefficients,
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the intercept, the switch across regimes, and standard errors are heteroskedasticity-robust.
Third, the long-run counterpart of the model, Equation (6), is estimated in levels, and
its residual is tested for a unit root against critical values simulated under the null of no
cointegration for the same sample size, grid, and trimming, following the logic of Gregory
and Hansen (1996). Only a stationary residual would give its regime-specific coefficients,
estimated by fully modified OLS (P. C. Phillips & Hansen, 1990), a long-run interpretation.
Equation (4) omits the lagged equilibrium error. It therefore asks whether short-run growth
dynamics differ across regimes, not whether the speed of adjustment does; the omitted
error-correction term, which is stationary, is left in the residual, where it raises the residual
variance, lowers the power of the sup-F test, and may bias the regime-specific coefficients.
A threshold error-correction model (Balke & Fomby, 1997; Hansen & Seo, 2002) is the
natural extension, but with eight observations in the upper regime it would leave almost
no degrees of freedom. The long-run side of the threshold question is instead examined
through Equation (6).

3.2. Data

This study examines the relationships between energy consumption, renewable energy
consumption, CO, and CH, emissions, and real output in Saudi Arabia over the period
1990-2022, determined by data availability. We draw real GDD, fossil fuel energy consump-
tion, CO, emissions, renewable energy consumption, and CH, emissions from the World
Bank’s World Development Indicators (WDI). The variables are described in Table 1.

Table 1. Description and source of the variables used in the analysis.

Variable Name Signs Description Source

Natural logarithm of real GDP
(index 1990 = 100, cumulated
from the growth rate of GDP at
constant prices)

Real GDP (log) LGDP WDI

Renewable energy
Renewable energy RE consumption (% of total final WDI
energy consumption)

Carbon dioxide (CO,)
CO, emissions CO, emissions excluding LULUCF WDI
per capita (t CO,e/capita)

Fossil fuel share of EC Fossil fuel energy consumption

energy consumption (% of total) WDI

Methane (CH,) emissions from

CH, CH, Industrial Processes (Mt CO,e)

WDI

4. Empirical Results
4.1. Descriptive Analysis

Table 2 presents the descriptive statistics. From 1990 to 2022, the logarithm of the real
GDP index averaged 5.138, with a standard deviation of 0.348, rising from 4.605 in 1990
to 5.742 in 2022; real output roughly tripled over the period. The fossil fuel share (EC)
is high and remarkably stable, with a mean of 99.854% and a standard deviation of only
0.209, confirming that hydrocarbons still dominate the national energy mix. Renewable
energy consumption (RE) averages 0.048 and is strongly right-skewed (skewness of 1.822);
it is essentially nil until 2009 and then rises rapidly due to the relatively late development
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of renewable energy in Saudi Arabia. Any coefficient on renewable energy is therefore
identified almost entirely from the years after 2009. Figure 1 plots the series: output rises
steadily; renewable energy consumption takes off only after 2010 and jumps in 2018-2019;
CO, per capita peaks in 2015 and declines thereafter; and the fossil fuel share hardly moves,
apart from a dip in 2011-2014. CO, emissions per capita average 13.472, with moderate
dispersion, while CH, emissions average 0.496 and trend broadly upward. The Jarque—Bera
statistics indicate normality for LGDP, CO,, and CH,, and non-normality for EC and RE.
Overall, the descriptive statistics indicate substantial variation in the variables, while the
distributional characteristics of EC and RE reflect the specific structure of Saudi Arabia’s
energy system.

Table 2. Descriptive analysis of variables.

LGDP EC RE co, CH,
Mean 5.138 99.854 0.048 13.472 0.496
Median 5.125 99.989 0.001 13.215 0.534
Maximum 5.742 99.997 0.267 17.258 0.769
Minimum 4.605 99.204 0.000 10.710 0.044
Std. Dev. 0.348 0.209 0.092 2.082 0.249
Skewness 0.153 —1.257 1.822 0.252 —-0.392
Kurtosis 1.567 3.809 4.572 1.630 1.695
Jarque-Bera 2.953 9.593 21.651 2.932 3.187
Probability 0.228 0.008 0.000 0.231 0.203
(a) LGDP: In real GDP index (1990 = 100) i _(b) Real GDP growth (%)
5.6 10.0
5.4 7.5
5.2 5.0 4
5.0 2691
0.0
4.8
_2_5 -
4.6 2015-2022
(c) EC: fossil fuel share of energy use (%) (d) RE: Renewable energy
100.0 oo d
99.8 - ' 0.20
ol o 0.15 -
0.10 -
99.4
0.05
99.2~] . 0.00
(e) COs2 per capita (t) BiG 7(f) CHa
151 0.6 -
14 4 0.4
12 0.2 4
19'90 19I98 20l06 20r14 20I22 19I90 19I98 20lOG 20|14 20'22

Figure 1. Time-series plots of the variables, 1990-2022. Shaded area: 2015-2022, the upper regime of
the SSR-minimizing split (Section 4.6). Dashed segments: imputed values (Section 3.2).
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4.2. Series Stationarity

Table 3 reports the ADF (Dickey & Fuller, 1979) and Phillips—Perron (P. C. B. Phillips
& Perron, 1988) tests in levels, with an intercept and a linear trend, and in first differences
with an intercept. A trend is the relevant alternative for the trending series (LGDP, RE,
CO, and CH,) but not for the fossil fuel share, a bounded ratio hovering near 100% (Elder
& Kennedy, 2001). On this basis, no series rejects the unit root in levels in the preferred
specifications: the preferred ADF statistics are —2.7220 for LGDP, —0.8626 for EC, —1.4249
for RE, —0.9853 for CO,, and —1.3930 for CH,. Two borderline cases deserve mention. For
CO,, the ADF test with trend rejects at 5% (p = 0.0174), but the Phillips—Perron test does
not (p = 0.8583), and neither rejects without a trend; for EC, a rejection appears only if a
deterministic trend is imposed, which has no economic meaning for a share capped at 100%.
After first differencing, every series rejects the unit root at the 5% level or better in both
tests. We therefore treat all five variables as I(1), and none as 1(2). Even if CO, or EC were
regarded as I(0), the bounds test would remain valid, since it accommodates a mix of I(0)
and I(1) regressors (Pesaran et al., 2001).

Table 3. Variables’ unit root tests.

Level (c) Level (c, t) First Difference (c)
Variable Test Stat. Prob. Stat. Prob. Stat. Prob. Order

LGDP ADF 0.7438 0.9907 —2.7220 0.2271 —4.4078 *** 0.0003 I(1)
PP 0.6708 0.9892 —1.5260 0.8201 —3.8031 *** 0.0029

EC ADF —0.8626 0.8000 —3.8255 ** 0.0153 —5.4778 *** 0.0000 I(1)
PP —2.5947 * 0.0941 —3.6189 ** 0.0283 —11.0143 *** 0.0000

RE ADF —0.2438 0.9331 —1.4249 0.8535 —3.6190 *** 0.0054 I(1)
PP 0.8795 0.9928 —0.4665 0.9847 —3.4515 *** 0.0093

CO, ADF —0.9853 0.7586 —3.7837 ** 0.0174 —3.3425 ** 0.0131 I(1)
PP —1.0651 0.7288 —1.4090 0.8583 —4.2938 *** 0.0005

CH, ADF —1.0659 0.7285 —1.3930 0.8630 —5.9294 *** 0.0000 I(1)
PP -1.1193 0.7073 —1.5088 0.8261 —5.9444 *** 0.0000

Note: ***,** and * indicate rejection of the unit-root null at the 1%, 5%, and 10% levels, respectively.
Levels are tested with an intercept (c) and with an intercept and a linear trend (c, t); first differences
with an intercept. The order of integration is based on (c, t) for LGDP, RE, CO,, and CH, and on
(c) for EC. MacKinnon (1996) probabilities are reported next to each statistic. ADF lag lengths are
selected by the AIC (maximum 3); PP tests use the Newey—West bandwidth. LGDP = In (real GDP
index, 1990 = 100).

These tests do not allow for structural breaks, although the sample covers the 1990-1991
Gulf War, the 2008-2009 financial crisis, the 2014-2016 oil price collapse, and the 2020
pandemic contraction. Ignoring breaks biases unit root tests towards non-rejection (Perron,
1989; Zivot & Andrews, 1992), so there is a risk that a break-stationary series is classified as
I(1). Such a misclassification would not invalidate the bounds test, which accommodates
any mix of I(0) and I(1) regressors provided no series is I(2), and the clear rejections in
first differences rule out that case. In addition, the significant error-correction coefficient
and the significant long-run coefficients rule out degenerate cases in which the bounds test
rejects spurious relationships (McNown et al., 2018).

4.3. Selecting the Number of Lags

Table 4 reports the lag-order criteria for the VAR in levels of LGDP, EC, RE, CO,
and CH,. All five criteria (LR, FPE, AIC, SC and HQ) select lag 1. On this basis, the
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ARDL orders are chosen using the Akaike criterion, with a maximum of 2 lags, yielding
an ARDL (2,1,2,0,2) specification. With 33 annual observations, this parsimony matters:
every additional lag costs five degrees of freedom in the VAR and weakens each of the
tests that follow. The VAR criteria and the ARDL lag orders answer different questions. In
the five-variable VAR, each additional lag adds five parameters to every equation, which
explains why all criteria stop at one lag; in the single-equation ARDL, an extra lag on a
regressor costs one parameter. Allowing up to two lags follows the recommendation of
Pesaran and Shin (1995) to augment the lag order sufficiently to remove residual serial
correlation, as confirmed by the Breusch-Godfrey test (p = 0.316). The second lags retained
for LGDP, RE, and CH, are significant at the 5% or 10% level, so they carry information
that a one-lag cap would push into the residual. The finite-sample bounds in Table 5 are
simulated for this lag structure.

Table 4. Number of lags.

Lag LogL LR FPE AIC SC HQ

0 76.0074 NA 7.049 x 10~° —4.5811 —4.3498 —4.5057

1 218.0252 229.0610 * 3.803 x 10712 * —-12.1307 * —10.7429 * —11.6783 *

2 236.1300 23.3611 6.801 x 1012 —11.6858 —-9.1416 —10.8565
Note: * indicates the lag order selected by the criterion. VAR in levels of LGDP, EC, RE, CO,, and CH,
with an intercept; common sample.

Table 5. Results of the ARDL cointegration test.
Model F-Statistic = 5.357

Significance Level

AsymptoticI(0)  Asymptotic I(1) Finite-Sample I(0)  Finite-Sample I(1)

10%
5%
2.5%
1(70
Finite-sample p-value
(I(1) bound)

2.45 3.52 2.71 4.06

2.86 4.01 3.25 4.89

3.25 4.49 3.92 5.83

3.74 5.06 5.04 7.06
0.036

Note: Asymptotic bounds from Pesaran et al. (2001), Table CI(iii), k = 4, case III. Finite-sample
bounds are simulated (5000 replications) for T = 31 and the selected ARDL (2, 1, 2, 0, 2) order, with
the regressors generated as I(0) (lower bound) and I(1) (upper bound) processes.

4.4. Bound Test Results

Table 5 reports the bounds test of Pesaran et al. (2001). The F-statistic equals 5.357 for
k = 4 regressors (case III: unrestricted intercept, no trend). It exceeds the upper bound at
the 1% level, so the null of no level relationship is rejected: real GDDP, the fossil fuel share,
renewable energy, CO,, and CH, exhibit a long-run level relationship. Because all regressors
are I(1), the bounds-test decision is based on the comparison of the F-statistic with the I(0)
and I(1) bounds, and here the statistic exceeds the I(1) upper bound. Because asymptotic
bounds can be too lenient with 33 observations (Narayan, 2005), we also simulate finite-
sample bounds for T = 31 and the selected lag structure: the finite-sample upper bound
simulated for T = 31 is exceeded at the 5% level (simulated p-value = 0.036). Economically,
a level relationship means that real output, the energy mix, renewable energy, and emissions
cannot drift apart indefinitely; a long-run relationship ties them together, which justifies
the error-correction representation estimated below.
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4.5. ARDL Short- and Long-Run Evaluation Results

Table 6 reports the ARDL (2, 1, 2, 0, 2) estimates for LGDP. Statistically, the error-
correction term is —0.5273*** (p = 0.0002), so that about 52.7% of any deviation from the
long-run path is corrected within a year, with a half-life of roughly 0.93 years; a negative,
significant coefficient above —1 confirms the bounds test and implies a monotonic return to
equilibrium. The long-run coefficients are semi-elasticities of real GDP. Renewable energy
has a positive coefficient of 1.2665*** (p = 0.0000): an additional 0.1 of renewable energy
is associated with real GDP 0.1267 log points higher, that is, about 13.5% (exp(0.1267).
Economically, this magnitude cannot be read as the direct output of renewable energies;
rather, it reflects the imprint of the diversification phase during which these energies were
built: the years of solar deployment coincide with those of the Vision 2030 investment
program; renewable energy acts much as a marker of this structural change as much as a
production input. Because renewable energy is close to zero until 2009, this coefficient is
identified almost entirely from the years since then, during which output and renewable
energy both trended upwards, and it may partly capture this common trend. A Vision 2030
dummy would not separate the two, as it would be almost collinear with the renewable
series. CO, per capita (0.0602***, p = 0.0004) and CH, (0.6603***, p = 0.0000) are also positive
and significant; one additional tonne of CO, per capita is associated with output about 6.2%
higher (exp(0.0602) — 1), the scale effect of a hydrocarbon economy rather than a return to
pollution (AlNemer et al., 2023). The fossil fuel share is insignificant (0.0686, p = 0.4428),
which is unsurprising for a variable that hardly moves from 99.9%. In the short run, a rise
in renewable energy is associated with faster output growth in the same year (0.7570***,
p =0.0063). This association is partly offset the following year (—0.3954*, p = 0.0658); lagged
methane growth carries a negative short-run coefficient (—0.3256**, p = 0.0129). Financially,
the distinction matters for project appraisal: the long-run semi-elasticity summarizes how
output and renewable energy have moved together over the cycle, whereas the short-run
terms capture short-term changes associated with renewable energy deployment. These
short-run associations may be consistent with installation-related activity, but they do not by
themselves identify project expenditures. The model estimates 12 parameters (the intercept,
five lagged levels, and six short-run terms) on 31 effective observations, leaving 19 residual
degrees of freedom, which explains the gap between the R? (0.684) and the adjusted R?
(0.500). The delta-method standard errors of the long-run coefficients rest on asymptotic
arguments, so p-values are taken from the t distribution with 19 degrees of freedom; the
long-run t-statistics for RE, CO,, and CH, (7.98, 4.31, and 5.27) remain well above the 1%
critical value of 2.86. In contrast, the lagged short-run renewable term, significant only at
the 10% level, is weak evidence. With so few degrees of freedom, the tests also have limited
power, so a non-rejection signals an absence of evidence rather than evidence of absence.
The diagnostic tests support the specification: the Breusch-Godfrey (p = 0.316) and ARCH
(p = 0.332) tests detect neither serial correlation nor conditional heteroscedasticity, the
residuals are normal (Jarque-Bera p = 0.643), and the CUSUM and CUSUM of squares
statistics remain within their 5% bands. No break dummies are included: the diagnostics
show none of the serial correlation, non-normality, or instability that unmodelled breaks
would leave in the residuals, and four crisis dummies would reduce the residual degrees of
freedom from 19 to 15. Figure 2 plots the CUSUM and CUSUM of squares statistics, both of
which remain within their 5% bands over 2004-2022.
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Table 6. ARDL estimates: long- and short-run results for LGDP.
Dependent Variable: LGDP. Selected Model: ARDL(2, 1, 2,0, 2)
Variable Coefficient Std. Error t-Statistic Prob.
Long-run results
EC 0.0686 0.0875 0.784 0.4428
RE 1.2665 *** 0.1588 7.976 0.0000
CO, 0.0602 *** 0.0140 4.310 0.0004
CH, 0.6603 *** 0.1253 5.271 0.0000
C —2.8708 8.7986 —0.326 0.7478
Short-run results
D(LGDP(-1)) 0.3522 ** 0.1623 2.170 0.0429
D(EC) —0.0245 0.0334 —0.732 0.4731
D(EC(-1)) — — — —
D(RE) 0.7570 *** 0.2464 3.072 0.0063
D(RE(-1)) —0.3954 * 0.2025 —1.952 0.0658
D(CO;) — — — —
D(CO,(-1)) — — — —
D(CH,) 0.0644 0.1213 0.531 0.6018
D(CH,(-1)) —0.3256 ** 0.1187 —2.742 0.0129
C —1.5138 4.6243 —0.327 0.7470
CointEq(—1) —0.5273 *** 0.1119 —4.710 0.0002
Breusch-Godfrey test 1.235 0.316
ARCH test 0.942 0.332
Jarque—-Bera (prob.) 0.643
R-squared 0.684 Iijg;ztfe‘il 0.500
F-statistic 3.732 ***
CUSUM Stable CUSUMSQ Stable

Note: ***,** and * denote significance at the 1%, 5%, and 10% levels, respectively. D (-) is the first-
difference operator; CointEq(—1) is the coefficient of LGDP(—1) in the unrestricted error-correction
model. Long-run coefficients and their standard errors are obtained by the delta method and read as
semi-elasticities of real GDP. “—” marks a lag not retained by the AIC. The Breusch-Godfrey (2 lags)
and ARCH (1 lag) rows report the test statistic and its probability.

(a) CUSUM (b) CUSUM of squares
__-=5%
04 =T 1.25 -
,,,,,,,, 1.00 -
s -
0.75 4
’ W 0.50 1
0.25
=5+ "==<__
~~~~~~~ 0.00 -
-0 T —0.25 4
S~~~ 5%
T T T T T T T T T T
2004 2008 2012 2016 2020 2004 2008 2012 2016 2020

Figure 2. CUSUM and CUSUM of squares tests for the ARDL (2, 1, 2, 0, 2) model, recursive residuals
2004-2022. Dashed lines: 5% bands, following Brown et al. (1975) for the CUSUM,; for the CUSUM of
squares, the 5% critical value (0.374) for 19 recursive residuals is obtained by simulation.
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Because the bounds test conditions on the regressors, Table A1 (Appendix A) tests
whether they are long-run forcing. The Toda—Yamamoto tests reject Granger non-causality
in neither direction between LGDP and any regressor (all p-values > 0.24); with 20 residual
degrees of freedom per equation, this reflects the low power of the tests more than an absence
of feedback. The weak exogeneity tests are more informative. The lagged equilibrium error
does not enter the EC and CH, equations in the single-equation tests (p = 0.210 and 0.214),
but it does enter the CO, equation (p = 0.036 in both the single-equation and system tests)
and the RE equation (p = 0.052 and 0.002). The system loading of EC is also significant,
a fragile result for a series that is nearly constant and imputed after 2014. CO, and renewable
energy are therefore not long-run forcing; they respond to deviations from the long-run
relationship, in line with the long-run feedback reported for oil exporters by Mensah et al.
(2019). The long-run results, however, do not depend on this assumption. The Johansen
procedure, in which all five series are endogenous, points to a single cointegrating vector,
and its normalized coefficients are close to those in Table 6: 1.158 for RE (against 1.267),
0.079 for CO, (0.060), and 0.580 for CH, (0.660); only the fossil fuel share differs, becoming
significant (0.188). Output itself adjusts to this vector (loading —0.295, p = 0.012), so
normalizing the relationship on LGDP is not arbitrary. With a single cointegrating vector,
the feedback does not render the ARDL long-run estimates inconsistent, but it reduces
the conditional model’s efficiency and makes its inference, including the bounds test, less
reliable (Johansen, 1992). It also means that the CO, and RE coefficients are two-way
long-run associations, not effects running from these variables to output.

4.6. Nonlinear Threshold Regression Model Results

Table 7 reports the threshold tests. In the main specification, estimated in first differ-
ences, the grid search over the observed values of RE,_; (at least six observations per regime)
locates the SSR-minimizing split at 0.0425, which separates 1991-2014 (24 observations)
from 2015-2022 (8 observations). The split carries no statistical weight: the sup-F statistic is
only 1.861, with a bootstrap p-value of 0.943, so linearity cannot be rejected, and the 95%
confidence interval for the threshold, [0.0000; 0.0425], covers almost the whole admissible
grid. The levels check points the same way. Its sup-F statistic (12.814, bootstrap p = 0.483)
does not reject linearity either, and the ADF statistic of its residual, —5.031, stays above
the simulated critical values of —6.688 (5%) and —6.178 (10%) (simulated p = 0.434), so
there is no evidence of threshold cointegration. Statistically, the regime change that appears
when a stationary growth rate is regressed on trended levels does not survive a balanced
specification test. The levels threshold, 0.0006, lies at the bottom of the renewable series.
It separates 1991-2010 (20 observations), when renewable energy is nil or fixed at this
initial value, from 2011-2022 (12 observations), when it becomes measurable, and its 95%
likelihood-ratio confidence set covers the whole admissible grid, [0.0000; 0.0425]. Table A2
(Appendix A) reports the complete levels results. In the lower regime, RE takes only three
distinct values, so its coefficient (—31.67) rests on two step changes, in 2000 and 2010, and
has no economic content. In the upper regime, where renewable energy actually varies,
the coefficients on RE (1.47) and CO, (0.10) are close to the ARDL long-run estimates
(1.27 and 0.06). Since the unit root in the residual is not rejected, however, these FMOLS
coefficients have no long-run interpretation and their t-statistics cannot be read in the usual
way; Equation (6) is informative only as a test of threshold cointegration, which it does
not support.

Because renewable energy never declines, the threshold search orders the observations
by time, and a threshold on RE,_; is observationally equivalent to a single structural break at
an unknown date. The test in Table 7 is therefore, in substance, a test of parameter stability,
and the 2014/2015 split cannot be distinguished from a time break associated with the oil
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price collapse of 2014 or the launch of Vision 2030 in 2016. Read in this way, the result
remains informative: a statistic of 1.861 would not reject stability even if the break date were
fixed in advance, so the short-run growth relationship estimated over 2015-2022 does not
differ significantly from that of 1991-2014.

Table 7. Results of the RE threshold test.

Specification Threshold 95% CI SSR sup-F  Bootstrap p Residual ADF
First differences, - 105 [0,0000;0.0425]  215.89  1.861 0.943 —
Equation (4)
Levels, o
0.0006 [0.0000; 0.0425] 0.029 12.814 0.483 —5.031 [5% c.v. —6.688]

Equation (6)

Note: Threshold variable: RE,_; in levels. Sup-F p-values from a fixed-regressor wild bootstrap with
1000 replications (Hansen, 1996); confidence interval by inversion of the likelihood-ratio statistic
(Hansen, 2000). Residual ADF: test without deterministic terms on the residual of Equation (6),
with critical values simulated under the null of no cointegration (5000 replications) for the same
sample size, grid, and trimming (Gregory & Hansen, 1996); 1% critical value = —7.723. For the levels
specification, the confidence set is obtained in the same way and is descriptive only, since the theory
of Hansen (2000) does not cover I(1) regressors; the complete levels results are reported in Table A2.

Table 8 reports the regime-specific estimates at the SSR-minimizing split, although the
threshold itself is not significant. With eight observations and five parameters in the upper
regime, only three residual degrees of freedom remain, so these estimates are imprecise.
They should be read as a descriptive comparison of the two sub-periods rather than as
evidence of regime-specific effects. The dependent variable is the growth rate of real GDP,
so the coefficients are read in percentage points. Because ALGDP is multiplied by 100,
these coefficients are 100 times the corresponding ARDL short-run coefficients, which are
in log points: the ARDL coefficient of 0.7570 on D(RE) corresponds to 75.7 percentage
points of growth of renewable energy, the same order of magnitude as the regime estimates
below. The change in renewable energy has positive but insignificant coefficients in both
regimes (106.7101, p = 0.108; 27.4406, p = 0.378), and their confidence intervals overlap
widely: nothing in these estimates supports a sign reversal around a critical scale. The
change in CO, per capita is positive and significant in both regimes (5.0274** and 4.5269**),
corresponding to about 5.03 and 4.53 percentage points of real GDP for an additional unit
of CO, per capita, respectively, which is consistent with the positive association found
in the ARDL. The change in the fossil fuel share is strongly negative in the first regime
(—9.4318***) but insignificant in the second (2.6898). The coefficient on CH, is insignificant
in both regimes. The model has an R? of 0.428, and the Jarque-Bera test on its residuals
gives p = 0.055.

Table 8. Threshold regression in first differences: RE regimes on ALGDP.

Regime 1: RE;_; < 0.0425 Regime 2: RE;_; > 0.0425
Variable Coef. Std. Err. t P>t Coef. Std. Err. t P>t
C 2.3515 *** 0.7650 3.074 0.006 3.4877 2.2956 1.519 0.143
AEC —9.4318 *** 0.7421 —-12.709 0.000 2.6898 8.8791 0.303 0.765
ARE 106.7101 63.7439 1.674 0.108 27.4406 30.4717 0.901 0.378
ACO, 5.0274 *** 1.2405 4.053 0.001 4.5269 ** 2.1082 2.147 0.043
ACH, —8.0099 10.4362 —0.768 0.451 —-14.9173 34.9451 —0.427 0.674

Note: *** and ** denote significance at the 1% and 5% levels, respectively. The regime-specific estimates
are descriptive: the upper regime contains 8 observations for 5 parameters.
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5. Discussion

The ARDL results indicate a positive association between renewable energy consump-
tion and economic growth in both the short and long run over the 1990-2022 period. In the
short run, renewable energy consumption is positively and significantly associated with real
GDP, with a coefficient of 0.7570 (p = 0.0063), while its lagged change is negative and weakly
significant (—0.3954, p = 0.0658). This pattern is consistent with an investment-related
transmission mechanism, whereby renewable energy development may generate demand
through project construction, procurement, and related infrastructure activities, followed
by a partial reversal as the initial investment impulse dissipates. In the long run, renewable
energy has a positive and statistically significant coefficient of 1.2665 (p = 0.0000). The
long-run coefficient is positive and statistically significant. However, its economic magni-
tude should be interpreted in light of the measurement scales and functional form of the
variables, as well as the limited variation in renewable energy consumption during much
of the sample period. The coefficient should not, by itself, be interpreted as evidence of a
proportionately large economic effect.

The short-run positive association is consistent with the investment-driven growth
channel documented by Ifa and Guetat (2022), Xuan (2025c¢), and, for OECD economies,
Ferhi and Helali (2024a). The positive long-run association further indicates that renewable
energy and real GDP have moved together over the sample period, although the ARDL
estimates do not by themselves establish a causal effect. The relatively limited development
of renewable energy during much of the sample period and its concentration in the later
years should also be considered when interpreting the estimated long-run relationship.

In the long run, CO, emissions are positively and significantly associated with real
GDP, with a coefficient of 0.0602 (p = 0.0004). This result is consistent with a scale effect,
whereby higher economic activity in a fossil-fuel-intensive economy is associated with higher
emissions. The finding is consistent with evidence on oil-exporting economies reported
by AlNemer et al. (2023). In the threshold regression, the change in CO, emissions is also
positive and statistically significant in both renewable-energy regimes, with coefficients of
5.0274 (p = 0.001) and 4.5269 (p = 0.043), respectively. The consistency of the positive CO,
association across the two regimes suggests that the relationship between economic activity
and carbon emissions remains evident even as renewable-energy deployment increases.
This result should nevertheless be interpreted as an association rather than evidence that
emissions themselves generate economic growth. The weak exogeneity tests in Appendix A
support this reading: CO, responds to deviations from the long-run relationship, so the
association runs in both directions.

The greenhouse-gas results should be interpreted separately for the two gases because
their estimated associations with economic growth differ. CH, emissions, by contrast,
have positive and statistically significant long-run coefficients in the ARDL model (0.6603,
p =0.0000), whereas their short-run effect is negative and significant only at one lag (—0.3256,
p = 0.0129). In the threshold regression, however, the coefficients on ACH, are negative
but statistically insignificant in both regimes (—8.0099, p = 0.451; —14.9173, p = 0.674).
The negative short-run association should therefore be interpreted with caution, and the
threshold results do not provide robust evidence of a regime-specific methane effect. These
findings should also be interpreted in light of the specific CH, indicator used, which captures
emissions from industrial processes rather than total methane emissions across all sectors.

Given that the share of fossil fuels in Saudi Arabia ranges from approximately 99.2%
to 100% across the sample, the variable exhibits very limited variation. Its coefficient is
statistically insignificant in the long-run ARDL relationship (0.0686, p = 0.4428), while its
short-run change is also insignificant (—0.0245, p = 0.4731). In the threshold regression,
AEC is strongly negative and statistically significant in the first regime (—9.4318, p = 0.000),
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but becomes positive and statistically insignificant in the second regime (2.6898, p = 0.765).
Given the extremely limited variation in the fossil-fuel share and the concentration of
the first-regime result around a relatively large movement in the series, these coefficients
should be interpreted cautiously. Overall, the results provide limited evidence that marginal
movements within an almost saturated fossil-fuel mix are systematically associated with
economic growth. They do not, however, indicate how a substantial structural change
in the energy mix would affect growth, since such a transition is largely absent from the
historical sample.

The threshold regression does not provide statistically significant evidence of non-
linearities in the renewable-energy—growth relationship. In the first-difference specifica-
tion, the SSR-minimizing split occurs at 0.0425, separating the observations into a lower-
renewable-energy regime covering 1991-2014 and a higher-renewable-energy regime cov-
ering 2015-2022. However, the sup-F statistic is only 1.861, and the bootstrap p-value is
0.943, so the null hypothesis of linearity cannot be rejected. The regime-specific renewable-
energy coefficients are positive but statistically insignificant in both regimes (106.7101,
p = 0.108, and 27.4406, p = 0.378). Accordingly, the estimated split should be interpreted
as the SSR-minimizing sample division rather than as a statistically established critical
threshold. The results do not provide sufficient statistical evidence of a threshold effect or a
statistically significant difference in the renewable-energy—-growth relationship across the
estimated regimes.

The levels specification leads to the same conclusion. Its sup-F statistic of 12.814 has
a bootstrap p-value of 0.483, providing no statistically significant evidence of threshold
nonlinearity. In addition, the residual-based stationarity test does not provide evidence of
threshold cointegration under the simulated critical values. Taken together, these findings
suggest that the apparent regime differences identified by the threshold search should not
be interpreted as evidence of a statistically established nonlinear relationship. The threshold
analysis therefore complements the ARDL results by showing that the positive average
relationship identified in the linear long-run model is not accompanied by robust evidence
of a discrete threshold effect.

Taken together, the results provide support for H1, insofar as renewable energy is
positively and statistically significantly associated with real GDP in both the short-run and
long-run ARDL specifications. However, the results do not provide sufficient statistical
evidence to support H2, as the estimated relationship does not differ significantly across
the two regimes. Given the near-monotonic increase in renewable energy consumption,
the estimated split also corresponds closely to two consecutive subperiods, 1991-2014 and
2015-2022. This finding differs from evidence of threshold effects reported for Chinese
provinces by Song et al. (2025) and F. Liu et al. (2025), as well as from the OECD threshold
estimates of Ferhi and Helali (2024b). Such differences may reflect variations in country
characteristics, sample periods, renewable energy development, model specifications, and
the degree of variation in the underlying data.

For the environmental controls, the threshold model identifies a positive and statisti-
cally significant association between changes in CO, emissions and changes in real GDP
in both renewable-energy regimes. In contrast, the coefficients on CH, are negative but
statistically insignificant. These results reinforce the distinction between the two greenhouse
gases in the present specification. CO, appears to co-move positively with economic activity
across both regimes, consistent with the scale effect of a fossil-fuel-intensive economy. The
methane coefficients, however, do not provide sufficiently robust evidence of a systematic
threshold-specific relationship with economic growth. Accordingly, the environmental
results should be interpreted primarily as evidence of differing statistical associations rather
than as evidence of causal effects.
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From a policy perspective, the ARDL results indicate that renewable energy devel-
opment is positively associated with economic activity in both the short and long run.
This finding is relevant to the sequencing of renewable energy development under Vision
2030, particularly regarding grid integration, infrastructure, financing, and complementary
technologies. At the same time, the absence of statistically significant threshold effects
means that the estimated results do not identify a specific renewable-energy level at which
the economic-growth relationship changes. The value of the threshold analysis is there-
fore primarily diagnostic: it indicates that the apparent regime split found by the grid
search is not statistically robust. Policy interpretation should consequently focus on the
broader conditions surrounding renewable-energy deployment rather than on a particular
numerical threshold.

These findings are broadly consistent with the objectives of Saudi Arabia’s Vision 2030,
particularly the diversification of economic activity and the development of renewable
energy. However, the empirical results should be interpreted as evidence of associations
among renewable energy use, emissions, and economic growth rather than as evidence that
renewable energy is, by itself, a causal driver of long-term sustainable growth. This distinc-
tion is particularly important given the relatively small sample of 33 annual observations
and the limited variation in the fossil-fuel share.

Methodologically, the two models are complementary rather than redundant. The
ARDL framework captures the dynamic time-series relationship among the variables, in-
cluding short-run effects and an error-correction mechanism. In contrast, the threshold
regression tests whether the renewable-energy—growth relationship differs significantly
across regimes. The results from the two approaches are broadly consistent in indicating a
positive association between renewable energy and economic activity. At the same time,
the threshold analysis does not provide sufficient statistical evidence to conclude that this
association changes discretely at a particular level of renewable-energy development.

6. Conclusions and Policy Implications

This study investigates whether renewable energy is associated with economic growth
in Saudi Arabia and whether this association varies with the level of renewable energy.
Focusing on Saudi Arabia’s ongoing transition from a hydrocarbon-dependent economy
toward a more diversified energy structure, the analysis examines the interactions between
economic growth, renewable energy, the fossil-fuel share, CO, emissions, and CH, emissions
over the period 1990-2022. To capture both long-run dynamics and potential nonlinear ef-
fects, the study combines the ARDL bounds-testing approach with a Hansen-type threshold
regression, using renewable energy consumption as the threshold variable.

The empirical results indicate that renewable energy is positively associated with
economic growth in the linear ARDL framework, while the evidence does not support a
statistically significant nonlinear relationship. The ARDL bounds test provides evidence of a
long-run relationship among the variables. At the same time, the estimated error-correction
coefficient of —0.5273 indicates that approximately 52.7% of short-run deviations from the
long-run equilibrium are corrected within one year. In the short run, renewable energy is
positively and statistically significantly associated with economic growth, while its long-run
coefficient is also positive and statistically significant. These results indicate a positive
association between renewable energy and economic growth across both time horizons.
However, the magnitude of the long-run coefficient should be interpreted with caution
given the limited development of renewable energy during much of the sample period.

The threshold analysis does not provide statistically significant evidence that the rela-
tionship between renewable energy and growth changes at any specific level of renewable
energy use. The SSR-minimizing split of 0.0425 is not statistically established as a thresh-
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old because the wild-bootstrap test does not provide sufficient evidence to reject the null
hypothesis of no threshold effect (p = 0.943).

The results further reveal distinct associations between greenhouse-gas emissions and
economic growth. CO, emissions are positively and statistically significantly associated
with economic growth in the long-run ARDL relationship and remain positively associated
with GDP growth in both threshold regimes. This indicates that the relationship between
economic activity and carbon emissions remains evident even as renewable-energy use
increases. By contrast, CH, emissions have a positive and statistically significant long-run
coefficient, while their lagged short-run coefficient is negative and statistically significant.
However, the CH, coefficients are not statistically significant in either threshold regime.
The estimated associations between CH, emissions and economic growth differ across time
horizons, although the threshold estimates do not provide statistically significant evidence
of a regime-specific relationship.

6.1. Policy Recommendations and Implications

The findings provide several implications for energy and environmental policy in
Saudi Arabia. The positive short- and long-run association between renewable energy
and economic growth is consistent with continued development of renewable energy as
part of the country’s broader economic and energy diversification process. However, the
absence of statistically significant threshold effects means that the results do not identify
a particular renewable-energy level at which the economic relationship changes. Policy
decisions should therefore not be based on the estimated SSR-minimizing value as a specific
deployment target.

At the same time, the positive CO, association indicates that renewable-energy ex-
pansion alone has not eliminated the relationship between economic activity and carbon
emissions over the study period. In the broader context of Saudi Arabia’s energy transition,
strengthening grid integration, expanding storage capacity, and continuing implementation
of the National Renewable Energy Program may support renewable energy deployment.
These measures are policy considerations rather than effects directly estimated by the
present model. The methane results also suggest the importance of considering green-
house gases separately, given the different statistical patterns observed across the short-
and long-run specifications.

6.2. Limitations and Future Research

This study has several limitations that should be considered when interpreting the
results. The relatively small annual sample limits the precision of regime-specific estimates,
while the single-country design restricts the generalizability of the findings beyond Saudi
Arabia. The limited variation in the fossil-fuel share and the relatively recent development
of renewable energy may also constrain the detection of nonlinear effects. Furthermore,
the ARDL specification includes variables that may adjust to deviations from the long-run
relationship, limiting a strictly one-directional interpretation of the estimated relationships.
Physical capital, labour, and oil-market variables are not included, structural breaks are
not modelled explicitly, and the threshold specification does not incorporate an error-
correction term. Future research could address these limitations by adopting a production-
function specification that includes capital and labour, incorporating oil-market controls,
applying unit-root tests robust to structural breaks, and developing a threshold error-
correction model. These extensions could be explored when longer or higher-frequency
data become available.
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Appendix A

Table A1. Tests of the long-run forcing assumption.

Panel A. Toda—Yamamoto Granger Non-Causality Tests, VAR(2) in Levels (n = 31)

X
EC
RE

CO,
CH,

HO: x does not Granger-cause LGDP HO: LGDP does not Granger-cause x
Wald x2(1) p-value Decision Wald x2(1) p-value Decision
0.858 0.354 Not rejected 0.633 0.426 Not rejected
0.310 0.578 Not rejected 0.860 0.354 Not rejected
0.276 0.599 Not rejected 0.641 0.423 Not rejected
0.004 0.949 Not rejected 1.355 0.244 Not rejected

Panel B. Weak Exogeneity (Long-Run Forcing): Loading on the Lagged Equilibrium Error

Equation
ALGDP
AEC
ARE
ACO,
ACH,

Single-equation test (n = 31) Johansen VECM (n = 32)
Loading t p-value Loading z p-value
—0.5258 —2.850 0.009 —0.2951 —2.516 0.012

1.3491 1.287 0.210 2.2614 4.541 0.000
0.3165 2.046 0.052 0.2765 3.110 0.002
—6.4001 —2.223 0.036 —3.4525 —2.091 0.036
0.3603 1.276 0.214 0.1117 0.672 0.502
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Table A1. Cont.
Panel C. Johansen Cointegration Tests and Normalized Cointegrating Vector
HO:r=0 HO:r<1
Test Statistic 5% c.v. Decision Statistic 5% c.v. Decision
Trace 70.382 69.819 Rejected 31.231 47.854 Not rejected
Maximum eigenvalue 39.151 33.878 Rejected 16.410 27.586 Not rejected
Long-run coefficient EC RE CO, CH,
Johansen 0.1883 1.1577 0.0788 0.5798
(0.0408) (0.0842) (0.0072) (0.0598)
ARDL (Table 6) 0.0686 1.2665 0.0602 0.6603
(0.0875) (0.1588) (0.0140) (0.1253)

Note: Panel A: Wald tests on the first lag of the causing variable in a VAR in levels with
k + dmax =1 + 1 lags and an intercept (Toda & Yamamoto, 1995), where k = 1 is the lag order
selected in Table 4; 20 residual degrees of freedom per equation. Panel B: single-equation test, Ax
regressed on an intercept, the lagged equilibrium error computed from the long-run coefficients in
Table 6, and one lag of the first differences in the five variables (24 residual degrees of freedom);
Johansen VECM, VAR(1) in levels (Table 4), unrestricted intercept, one cointegrating vector. A signif-
icant loading rejects weak exogeneity, that is, long-run forcing (Johansen, 1992). Panel C: asymptotic
5% critical values (Johansen, 1991). With the small-sample correction of Reinsel and Ahn (1992), the
statistics for r = 0 become 59.38 (trace) and 33.03 (maximum eigenvalue), the latter significant at 10%
(critical value 31.24). Long-run coefficients normalized on LGDP, standard errors in parentheses.

Table A2. Levels threshold specification, Equation (6): complete regime-specific results.

Regime 1: RE, ; < 0.0006 (1991-2010, n = 20)

Regime 2: RE,_; > 0.0006 (2011-2022, n = 12)

Variable Coef. Std. Err. t p Coef. Std. Err. t p
C —283.7575 222.6900 —-1.274 0.222 18.3179 6.5530 2.795 0.027
EC 2.8746 2.2267 1.291 0.216 —0.1412 0.0657 —2.149 0.069
RE —31.6653 9.7146 —3.260 0.005 1.4725 0.1284 11.467 0.000
CO, 0.0897 0.0125 7.203 0.000 0.1005 0.0152 6.625 0.000
CH, 0.4717 0.0889 5.304 0.000 —0.6509 0.4693 —1.387 0.208
Note: Dependent variable LGDP; threshold «y = 0.0006, 95% likelihood-ratio confidence set [0.0000;
0.0425], that is, the whole admissible grid; SSR = 0.029; sup-F = 12.814 (bootstrap p = 0.483); residual
ADF = —5.031 (simulated 5% critical value —6.688). Because the regimes are consecutive sub-periods,
the coefficients are estimated by FMOLS (P. C. Phillips & Hansen, 1990) within each regime, with
long-run covariances computed within each regime (Bartlett kernel, bandwidth of 2); p-values are
from the t-distribution with 15 and 7 degrees of freedom. The residual unit root is not rejected
(Table 7), so these coefficients have no long-run interpretation, and their t-statistics are not valid in
the usual sense; therefore, no significance levels are indicated. In regime 1, RE takes only three values
(0, 0.00061, and 0.00409).
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