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Abstract: Natural resource rent (NRR) can be a blessing for the economic growth of resource-rich
economies but may cause environmental problems. The present research explores the effects of NRR,
economic growth, trade openness (TO), and foreign direct investment (FDI) on the carbon intensities
of different sources of carbon emissions in Saudi Arabia from 1968 to 2021. The environmental
Kuznets curve (EKC) is substantiated in the relationship between economic growth and the carbon
intensities of gas emissions and cement emissions in the long run. The EKC is also validated in
models of the carbon intensities of o0il emissions, gas flaring emissions, and aggregated CO, emissions
in the short run. TO reduces the carbon intensities of oil emissions, gas emissions, and cement
emissions in the long run. FDI mitigates the carbon intensity of gas flaring emissions but increases
the carbon intensity of cement emissions. NRR increases the carbon intensities of all investigated
sources of emissions in a linear analysis. In a nonlinear analysis, increasing NRR increases and
decreasing NRR reduces the carbon intensities of all sources of emissions except aggregated CO,
emissions. In the short-run results, TO decreases the carbon intensity of gas flaring emissions and
increases the carbon intensities of gas emissions and cement emissions. FDI decreases the carbon
intensities of all sources of emissions. In a linear analysis, NRR reduces the carbon intensities of oil
emissions and cement emissions and increases the carbon intensities of gas emissions and gas flaring
emissions. In a nonlinear analysis, increasing NRR reduces the carbon intensity of cement emissions
and increases the carbon intensities of gas emissions and gas flaring emissions. Moreover, decreasing
NRR reduces the carbon intensities of gas emissions, gas flaring emissions, and aggregated CO,
emissions and increases the carbon intensities of 0il emissions and cement emissions. The effect of
NRR is asymmetrical in models of the carbon intensities of aggregated CO, emissions, oil emissions,
and gas flaring emissions and symmetrical in models of the carbon intensities of gas emissions and
cement emissions.

Keywords: carbon intensity; natural resource rent; FDI; trade openness; the EKC; asymmetry

1. Introduction

The Saudi economy is excessively dependent on the oil sector and stands in 2023 in
the second position in the world with 297.5 billion barrels in oil reserves and more than
17% of global oil reserves (World Population Review 2023). Similarly, this economy holds
the fifth position in terms of natural gas reserves and possesses more than 4% of global
gas reserves (Worldometer 2023). In 2021, natural resource rent (NRR) from the gas and
oil sectors accounted for 25% of income (World Bank 2023). On the consumption side, the
Saudi economy ranks sixth in the world in fossil fuel consumption (Worldometer 2023).
Both the production and consumption of fossil fuels are highly polluting, and the Saudi
economy stood in the ninth position in the year 2021 in terms of CO, emissions per capita
(World Bank 2023). This intensive pollution is responsible for the Saudi Arabian economy’s
high carbon intensity (CI), which is primarily due to its dependence on natural resources.
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After this discussion of the environmental situation of Saudi Arabia, the role of inter-
national agencies in mitigating pollution emissions to reduce global warming is discussed.
For instance, the Paris Agreement and the Sustainable Development Goals aim to decrease
pollution emissions. To meet their target, one solution is very simple: reduce overall energy
consumption, which could obstruct economic growth. However, no economy would agree
to sacrifice economic growth to meet a target of reducing emissions. Thus, economies
should focus on reducing their emissions per unit of Gross Domestic Product (GDP), which
is termed carbon intensity (carbon emissions/GDP). Hence, economies should aim to
reduce carbon intensity instead of reducing absolute emissions (Okorie and Wesseh 2023).
In the case of the Saudi economy, one quarter of the country’s GDP depends on NRR,
and NRR might affect the environment or the carbon intensity directly and indirectly.
Directly, NRR stems from oil and gas production in Saudi Arabia, and pollution emissions
both upstream and downstream of these sectors must be reduced. However, NRR might
increase or decrease emissions indirectly. For instance, NRR supports the income of the
country, which can be used for the development of renewable energy or energy-efficient
technologies for non-resource sectors. Moreover, NRR can be used for the development of
less-polluting sectors of the economy, with the intention of economic transformation. Thus,
NRR can reduce carbon emissions and intensity through technique and composition effects.
However, income from NRR can also increase emissions via a scale effect because of the
increasing demand for energy-intensive products.

Trade openness (TO) may also determine carbon intensity. The balance of trade is
a component of the GDP, and Saudi Arabia experienced a surplus in most of the sample
period. Therefore, trade affects the GDP, the denominator of carbon intensity. Moreover,
trade can also affect carbon emissions, the numerator of carbon intensity. For example, trade
may increase economic activities and energy demand. Thus, trade can increase emissions
through a scale effect (Grossman and Krueger 1991). Foreign direct investment (FDI) may
serve the purpose of filling the gap between saving and investment in an economy and
may also increase economic activities and energy demand. Moreover, FDI in Saudi Arabia
mostly flows into the mineral sector (OECD 2020), which is pollution-oriented. Thus, FDI
can increase both the GDP and carbon emissions. Conversely, FDI and TO may produce
knowledge spillovers in the recipient country (Grossman and Helpman 1991), which may
generate technique effects in the economy and reduce carbon emissions. In addition, TO
and FDI may transform dirty industries into clean industries (Arrow et al. 1995; Vukina
et al. 1999), which promotes the composition effect in an economy. Therefore, both the
technique and composition effects of FDI and TO might mitigate carbon emissions and
intensity (Letchumanan and Kodama 2000; Komen et al. 1997). Moreover, Grossman and
Krueger (1991) suggested a nonlinear relationship between economic growth and emissions,
which is known as the environmental Kuznets curve (EKC). In the EKC, economic growth
initially harms the environment via a scale effect. However, environmental problems can
be reduced at a later stage by achieving technique and composition effects.

The Saudi literature has probed the roles of income, energy variables, renewable
energy consumption (REC), innovation, FDI, urbanization, and industrialization on carbon
intensity (Aziz and Khan 2022; Kahia et al. 2023; Ali et al. 2023). Kahia et al. (2023)
found an insignificant effect of FDI on aggregated CI in Saudi Arabia, and Ali et al. (2023)
reported a negative effect of FDI on aggregated CI. Thus, the effect of FDI on aggregated
Cl is inconclusive in the Saudi literature. Moreover, the effect of NRR on CI has not been
explored in the natural-resource-rich economy of Saudi Arabia. Furthermore, the effect of
natural resources on aggregated carbon intensity has been examined in most of the global
literature (Ozkan et al. 2023; Thombs 2022; Abraham 2021). Therefore, the present study
contributes to the literature by probing the effect of NRR on the ClIs of different sources of
emissions, i.e., natural gas flaring (NGF) emissions, oil emissions, natural gas emissions,
and cement emissions. Thombs (2022) suggested performing an asymmetrical analysis of
the relationship between CI and natural resources. Increasing NRR and decreasing NRR do
not necessarily have the same signs and/or magnitudes in terms of their effect on CL Thus,
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using nonlinear Autoregressive Distributive Lag (ARDL), the present research examines
the asymmetrical effects of NRR on the aggregated and disaggregated CI variables in
Saudi Arabia using the maximum range of available data from 1968 to 2021. Moreover,
the literature has suggested investigating the nonlinear relationship between economic
growth and CI to test the EKC (Lu et al. 2021; Li et al. 2019). Therefore, the present study
hypothesizes a nonlinear relationship between economic growth and CI to investigate the
EKC in Saudi Arabia.

After the Introduction, Section 2 reviews the literature. Section 3 displays the method-
ology. Section 4 shows the data analysis and discussions. Section 5 concludes the study
with policy implications.

2. Literature Review

The recent literature has changed its trend by investigating carbon intensity instead
of carbon emissions. Several studies have examined the role of NRR in determining CI.
For instance, Ozkan et al. (2023) examined India from 1970 to 2020 and found that REC
and natural resources helped to reduce carbon emissions and intensity. However, energy
intensity and economic growth increased carbon emissions and intensity. Focusing on fossil
fuels instead of aggregated natural resources, Thombs (2022) examined the asymmetrical
effect of fossil fuels on CI in the United States (US) from 1999 to 2017 and found that
increasing fossil fuels” dependence on exports, consumption, and income increased carbon
intensity. However, reducing fossil fuels” dependence on exports and consumption did
not affect carbon intensity. Nevertheless, the decreasing share of fossil fuels in income
reduced CI. On the production side of fossil fuels, Abraham (2021) explored the US using
state-level data and found that coal, oil, and gas production increased carbon intensity due
to extractive emissions, lower energy efficiency, and subsidizing fuel. Similarly, Jing et al.
(2020) claimed that oil refineries were a big source of increased carbon intensity.

Ren et al. (2020) suggested focusing on green finance to reduce fossil fuel dependency
and CI. The authors examined China from 2000 to 2018 and found that green finance
increased non-fossil fuel consumption and reduced CI. However, increasing the carbon
intensity reduced green investment and non-fossil fuel consumption. Huang et al. (2023)
introduced the role of green financial efficiency in combating CI in Chinese provinces from
2000 to 2019 and substantiated that green finance and green financial efficiency helped to
reduce CIL. In particular, green financial efficiency played a significant role in combating
carbon intensity. Du (2023) introduced quantile regression analyses to the CI model and
investigated 10 Asian economies. The author found that green finance and REC helped
to reduce carbon intensity in all quartiles of regression. Yun (2023) contributed to the
literature using monthly data from 2010 to 2020 in China and found that the GDP per capita
increased natural resource consumption. Moreover, population density also increased
natural resource consumption, which might increase carbon intensity.

The literature has also explored the effect of trade on carbon intensity. For example,
Shi et al. (2022) examined China from 2000 to 2014 and found that the carbon intensity
of exports increased from 2002 to 2014 and decreased after 2014. Industrial productivity
helped to reduce carbon intensity, and energy intensity increased CI. In another country-
specific study, Wang and Song (2022) explored the US and found that trade helped to
reduce carbon intensity. Using provincial-level data, Chu et al. (2021) analyzed 30 Chinese
provinces and corroborated that trade policy to reduce energy intensity helped to reduce
carbon intensity. Moreover, the energy quota trading policy helped to reduce carbon
intensity. Some studies analyzed a panel of economies instead of conducting a country-
specific analysis. For instance, Wang et al. (2023b) examined the effect of trade on CI
and substantiated that trade raised CI in 59% of investigated countries and reduced CI
in the other 41% of countries. In particular, trade reduced CI in high-income countries
and increased CI in low-income economies. Zhang et al. (2022) gave a new dimension
to the carbon intensity literature by exploring the top ten emitters from 1990 to 2016 and
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found that REC reduced carbon intensity. However, exports, the stock market, and income
inequality increased carbon intensity.

Zhong et al. (2022) augmented the role of environmental policies in a CI model of
43 economies from 2000 to 2014 and found that the export openness policy reduced the
carbon intensity of exports. Moreover, the tight environmental policy also reduced CL In a
single-year analysis of 2014, Yang and Su (2019) analyzed 44 regions and found that exports
increased carbon intensity at the global level. A country-level analysis also showed the same
results. However, exports reduced carbon intensity in some sectors. Shao (2017) introduced
the role of FDI to the relationship between trade and carbon intensity in 188 countries from
1990 to 2013 by developing panels of countries for different income groups. The results
showed that FDI reduced carbon intensity in all investigated countries. Moreover, trade
openness, fossil fuels, and industrial intensity also played their roles in this relationship. In
a new dimension of research, Wang et al. (2023a) explored the effect of a single country’s
FDI on the CI in 56 Belt and Road Initiative (BRI) economies from 2005 to 2018. The authors
found that Chinese FDI in BRI countries helped to reduce carbon intensity in BRI economies.
The levels of development, industrialization, and energy consumption in BRI economies
also played their roles in this relationship.

Cheng and Yao (2021) added the impact of innovation to the CI model of 30 Chinese
provinces from 2000 to 2015 and found that innovation in REC reduced carbon intensity. Xin
and Wang (2022) proposed the role of institutional quality in the nexus between innovation
and carbon intensity. The institutional quality in high-income countries helped to improve
green scale effects, technical progress, and the composition of industries in BRI economies,
which reduced carbon intensity. Zhang et al. (2023) introduced the role of environmental
taxes to the relationship between innovation and CI in China and substantiated that
environmental taxes increased environmental innovations. These innovations helped to
reduce carbon emissions and intensity. Using a different approach, Okorie and Wesseh
(2023) investigated the effect of the Paris Agreement on carbon intensity and found that
this agreement helped to reduce carbon intensity and global emissions by 4.1%.

In a methodological development, Dai et al. (2022) explored China using a spatial
analysis and found that local carbon emission trading helped to reduce carbon intensity
in nearby areas. Moreover, technological progress played a mediating role in this spa-
tial relationship. Guo and Tu (2023) introduced digital finance to a spatial CI model of
284 Chinese cities and substantiated that digital finance helped to reduce carbon intensity
after a threshold point. Thus, the EKC was corroborated between these variables. Moreover,
digital finance showed spillovers in neighboring cities as well. Ji et al. (2023) augmented
digitalization in a spatial CI model of Chinese provinces from 2012 to 2019 and substanti-
ated that digitalization reduced CI. Moreover, a decline in local CI had spillovers, which
reduced CI in neighboring provinces.

In another methodological contribution, Wang and Wang (2021) introduced an asym-
metrical analysis to examine the relationship among FDI, TO, and CI in 104 countries
from 2000 to 2014 using a threshold model and substantiated that TO and FDI had an
asymmetrical impact on carbon intensity. TO and FDI reduced CI in high-income nations
and increased CI in upper-middle-income economies. In a larger sample of economies,
Greiner and McGee (2020) analyzed the asymmetrical impact of economic progress on CI
in 153 economies from 1960 to 2013 and found that falling economic activities reduced
carbon intensity in developed nations. However, both rising and falling economic activities
increased carbon intensity effectively in developing nations. In the relationship between
economic growth and carbon intensity, Li et al. (2019) introduced the nonlinear effect of
economic growth on CI to test the EKC in Chinese provinces and substantiated an inverted
N-shaped relationship. Lu et al. (2021) advanced this idea by testing the EKC in the
eight zones of China from 1997 to 2015 and found the N-shaped EKC between economic
progress and CI in most of the investigated zones. Moreover, ecological policies and tech-
nologies mitigated carbon intensity. Mahmood et al. (2023a) advocated that the possibility
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of the existence of the EKC might increase if technology and REC reduced emissions in
any economy.

A few studies have investigated the topic of carbon intensity in the Saudi literature.
For instance, Aziz and Khan (2022) investigated Saudi Arabia from 1990 to 2019 and found
that the GDP increased carbon intensity. However, REC and innovation reduced CI. Ali
et al. (2023) contributed to the Saudi literature by testing the effect of urbanization on CI
from 1991 to 2020 and substantiated that urbanization and energy consumption increased
CIL However, FDI reduced carbon intensity. Kahia et al. (2023) tested the effect of REC on
CI in Saudi Arabia from 1990 to 2018 and found that urbanization increased CI. However,
FDI did not affect CI and REC mitigated CI. Moreover, the GDP, urbanization, and FDI
raised CO, emissions. However, innovation and REC reduced CO, emissions. Sweidan
(2018) investigated 13 MENA economies, including Saudi Arabia, from 1995 to 2013 and
found that economic progress increased CI and that health spending reduced CI. Some
studies on the MENA region investigated carbon emissions instead of carbon intensity. For
instance, Belaid and Massié (2023) examined Saudi Arabia from 1971 to 2020 and found
that energy efficiency mitigated CO, emissions. In a panel study, Mahmood et al. (2023b)
investigated 17 MENA economies from 2000 to 2019 and validated the EKC. Moreover, oil
rents increased CO, emissions. However, FDI, innovation, and industrialization decreased
CO; emissions.

The literature has signified the importance of natural resources, trade, and FDI in
determining carbon intensity. However, the role of NRR in determining CI is missing in the
literature of the natural-resource-rich Saudi economy. Moreover, the literature suggested
an asymmetrical analysis while investigating the factors of carbon intensity (Wang and
Wang 2021; Greiner and McGee 2020). In particular, Thombs (2022) substantiated the
asymmetrical effects of fossil fuel dependence on CI. Similarly, increasing and decreasing
NRR could have different signs and /or magnitudes of effect on carbon intensity, which
could be captured through an asymmetrical analysis. For instance, increasing NRR may
increase the energy demand and CI if energy is sourced from fossil fuels. However,
decreasing NRR may not decrease the energy demand and CI due to the ratchet effect
or may not decrease the energy demand and CI with the same elasticity parameter as
increasing NRR. Thus, the present research explores the asymmetrical impact of NRR on
the ClIs of oil emissions, natural gas emissions, NGF emissions, and cement emissions in
Saudi Arabia from 1968 to 2021.

3. Methodology

Grossman and Krueger (1991) suggested a nonlinear relationship between economic
growth and pollution emissions. Most of the carbon intensity literature has ignored this
nonlinear relationship and has probed the linear impact of economic growth on carbon
intensity (Aziz and Khan 2022; Yun 2023; Ozkan et al. 2023). However, some recent studies
suggested a nonlinear relationship between income and CI (Lu et al. 2021; Li et al. 2019).
The present study also assumes a nonlinear relationship between economic growth and
carbon intensity to scrutinize the EKC hypothesis. Moreover, FDI and trade may also affect
carbon intensity through the channels of the GDP and carbon emissions. Both variables
may increase the GDP by increasing the production level in an economy. Moreover, FDI
and trade may accelerate carbon emissions via the scale effect of growth. Alternatively,
both variables may also help to reduce carbon emissions via technique and composition
effects. The technique effect might be achieved due to knowledge spillovers in the recipient
country (Grossman and Helpman 1991). The composition effect would also be attained
by shifting dirty industries into clean industries (Arrow et al. 1995; Vukina et al. 1999).
Thus, FDI and trade may determine carbon intensity. NRR in a resource-rich country
could have an impact on the GDP and emissions. NRR is a direct source of income and
may enhance the GDP of the economy. Moreover, natural resource extraction may also
pollute the environment. Thus, NRR can determine CI. In addition, NRR and CI could
have endogeneity, as an economy with higher carbon intensity tends to improve its NRR.
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To address the endogeneity issue, the ARDL framework is utilized for estimation. ARDL
solves the endogeneity problem via the autoregressive process and provides efficient results
(Pesaran et al. 2001). The model of the study is as follows:

Cl; = f(GDPCt,GDPCZ, TO,, FDIt,NRRt) )

Cl; is the carbon intensity variable, which is measured in aggregated (CO2E;) and
disaggregated (OE;, GFE;, GE;, and CE;) forms. CO2E; is the natural logarithm of aggregate
CO; emissions per unit of GDP. In the same way, OE;, GFE;, GE;, and CE; are the natural
logarithms of oil, natural gas flaring, natural gas, and cement emissions per unit of GDP,
respectively. Thus, all proxies show the aggregated and disaggregated forms of carbon
intensity. GDPC; is a proxy for economic growth and is the natural logarithm of GDP
per capita. GDPC;? is the square of GDPC;. TOy is the total trade percentage of GDP,
and FDI; is the net FDI inflow percentage of GDP. NRR; is the total natural resource rent
percentage of GDP. TO;, NRR;, and FDI; are not taken as logarithms, as these variables
are percentages. Table 1 shows the data sources and expected signs of the coefficients of
the variables.

Table 1. Description of variables.

Variable Notation Unit of Measurement Source Expected Sign
. Aggregated national
?;??llﬁl lgt‘izr:i?;s?;?: CO2E; emissions in Global Carbon Atlas (2023)
g8reg kgCO,/GDP
The natural logarithm of CI QOil emissions in )
from oil emissions OE; keCO,/GDP Global Carbon Atlas (2023)

The natural logarithm of CI Gas emissions in
from gas emissions GE; kgCO,/GDP Global Carbon Atlas (2023)
The natural logarithm of CI Gas flaring emissions
from gas flaring emissions GFE; in kgCO, /GDP Global Carbon Atlas (2023)
The natural logarithm of CI Cement emissions in X
from cement emissions CEi kgCO,/GDP Global Carbon Atlas (2023)
The natural logar}thm of GDP GDPC, GDP per cap.lta. in World Bank (2023) N
per capita constant Saudi Riyals
The square term of GDPC; GDPC;2 The square of GDPC; —
Trade openness TO¢ Total trade (% of GDP) World Bank (2023) +/—
. . . FDI net inflows
Foreign direct investment FDI; (% of GDP) World Bank (2023) +/—
Natural resource rent NRR; Total NRR (% of GDP) World Bank (2023) +/—

To test the unit root, we use the MZa statistics of Ng and Perron (2001) with a null
hypothesis of non-stationarity in the following way:

Y4
MZy = (£=1%) + T 2L, viy) @

If the null hypothesis is rejected with the estimated MZa statistics, then the series is
stationary. After confirming the unit root, we may find the long-run relationships and
coefficients using the ARDL of Pesaran et al. (2001). The ARDL cointegration technique
is efficient and provides robust results in the presence of a mixed order of integration.
Furthermore, the ARDL technique also removes the effect of endogeneity in the model via
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the autoregressive process (Pesaran et al. 2001). The ARDL framework for Equation (1) is
as follows:

ACly = 69+ 61CO2;_1 4+ »GDPC;_q + 53GDPC%71 4+ 04TO;_1 + 05FDI; 1 + 66 NRR; 1
+ YK 11iACO2; ;i + Y2 42 AGDPC;_; + Y2 43:0GDPCY 3)
+Y M Yy ATO i + Y85 y5iAFDI; 4+ Y58 v, ANRR;_; + et

Equation (3) is used to examine the cointegration via the bound test for each proxy of
carbon intensity. Kripfganz and Schneider’s (2020) critical values are used for the bound
test, which are efficient for small sample sizes. Later, long-run effects are captured by
normalizing the coefficients (§). Moreover, the short-run effects are estimated by replacing
the lagged-level variables with the Error Correction Term (ECT;_1) in the following way:

ACI,} = 50 + ‘MECTt 1

+ X 1iACO2,_; + Y2 12iAGDPCy_; + ¥2, 73 AGDPC; ;  (4)
+ 120 1B TO + T2 15iBFDL i + L% 16iANRR, ;i + Gt

A negative and significant p can ensure the presence of the short-run relationships in

Equation (4). Moreover, the short-run effects are captured by <. This study supposes that

NRR; could have an asymmetrical effect on carbon intensity. Therefore, the series NRR; is
divided into two series according to Shin et al. (2014) in the following way:

NRRP; =Y. | NRR] =} max(ANRR;0) 5)

t _ t .
NRRN; =}, | NRR; =} min(ANRR;,0) (6)
Equation (5) develops NRRP; by taking the partial sum of the positive deviations in
NRR;. Equation (6) develops NRRN; by taking the partial sum of the negative deviations
in NRR;. Now, NRRP; and NRRN}; are replaced with NRR; in Equation (3) to capture the
long-run results from the nonlinear ARDL in the following way:
ACI; = 619+ 011CO2;_1 + 61oGDPC;_1 + (513GDPC%_1 + 614TO;_1 + 615FDI;_q
+01NNRP;_1 + 617NNRN;_4
+ L 111iACO24— + LG 112iAGDPCy + i1 113iAGDPCY_;  (7)
AL NaATO:; + TG 11siAFDI i + Y2G 716/ ANRRP;
+520 117 ANRRN, _; + ey
The Wald test is applied to the coefficients of NRRP; and NRRN; in Equation (7) to
test the asymmetry in the relationship between NRR and carbon intensity. The lagged-
level variables in Equation (7) are replaced with ECT;_; for the short-run analysis in the
following way:
ACl; = 619+ ECTy
+ Y 11ACO2:; + L5 112iAGDPCh; + Y15 113iAGDPCE;
L2 114 TO—; + TG 115iAFDI + 2§ 16 ANRRP;
+L% 17iANRRN—; + &1

®)

All procedures of estimation for the ARDL in Equations (3) and (4) can be repeated for
the nonlinear ARDL in Equations (7) and (8).
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4. Data Analysis

Table 2 shows that the descriptive statistics and mean values of CO2E;, OE;, GDPCy,
GDPC;2, TO;, and NRR; are greater than the Standard Deviations (SDs). Therefore, these
variables are under-dispersed. However, the rest of the variables are over-dispersed.
Moreover, the unit root test is applied to test the stationarity of all variables in Table 3.

Table 2. Descriptive statistics.

Variable Mean Maximum Minimum SD
CO2E; 2.6474 3.0315 1.6464 0.2789
OE; 2.0101 2.5397 —0.0311 0.5748
GE; 0.4413 2.0165 —13.8155 2.6576
GFE; —2.5356 2.3331 —18.4207 5.0710
CE; —1.1872 —0.0733 —3.1069 0.9094
GDPC; 11.2707 11.8379 10.8470 0.2562
GDPC? 127.0921 140.1367 117.6576 5.8429
TO; 75.4066 120.6195 49.7135 13.2828
FDI; 1.0867 8.4964 —8.2188 2.8071
NRR; 38.0351 87.2846 17.3184 13.7214

Table 3 shows the unit root results. The estimated MZa statistics show that the null
hypothesis of non-stationarity is rejected for TO; and NRR; at their levels with intercept
specification at the 10% and 5% levels of significance, respectively. Thus, TO; and NRR;
are stationary at their levels. Similarly, FDI; is also stationary at the 1% and 5% levels of
significance with different specifications. However, the null hypothesis of non-stationarity
cannot be rejected for the rest of the series, and the rest of the variables are non-stationary
at their levels. The null hypothesis of non-stationarity is rejected for all variables at their
first differences, and all variables are stationary. Thus, the integration level is mixed, as
some independent variables are stationary at their levels. Therefore, the ARDL technique is
applied, which provides robust results in the presence of a mixed order of integration.

Table 3. Unit root results.

Variable C Cand T
CO2E; —0.4461 —5.2044
OE; —0.0853 —2.6650
GE; —0.9788 —6.5828
GFE; —7.7336 —11.7737
CE; 0.3522 —4.9985
GDPC; —2.4686 —3.5051
GDPC? —2.4808 —3.4916
TO; —6.7225* —8.0551
FDI; —18.0285 *** —19.7532 **
NRR; —10.8961 ** —12.5485
NRRP; 1.3118 —8.1019

NRRN; 1.6520 —5.8561
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Table 3. Cont.

Variable C Cand T
ACO2E; —23.4036 *** —25.4507 ***
AOE; —10.8000 ** —25.1764 ***
AGE; —24.9992 *** —24.9979 ***
AGFE; —109.6770 *** —101.4200 ***
ACE; —23.5505 *** —24.7009 ***
AGDPCy —23.7796 *** —24.0066 ***
AGDPC? —23.7275 *** —23.9484 ***
ATO: —21.8782 *** —21.6770 **
AFDIy —24.3180 *** —24.3616 ***
ANRRy —25.6356 *** —25.6402 ***
ANRRP; —25.9477 *** —25.9271 ***
ANRRN; —25.0607 *** —25.6019 ***

Note: ***,** and * show variable is stationary at 1%, 5%, and 10%, respectively. C is intercept, and T is trend.

Tables 4 and 5 show the long and short results of the ARDL models after the selection
of the optimal lag length using the Schwarz Information Criterion (SIC). The lag lengths are
shown in the second column as per the models in the first column. The cointegration is not
substantiated in the model of the carbon intensity of aggregate CO, emissions. However, the
cointegration is proven in this model by the negative and significant coefficient of ECT;_1,
as shown in Table 6 (Pesaran et al. 2001). Moreover, the cointegration is substantiated in
the models of the carbon intensities of oil emissions, gas emissions, gas flaring emissions,
and cement emissions at the 10%, 1%, 5%, and 1% levels of significance, respectively.
The validity of the cointegration is consistent in the case of both linear and nonlinear
ARDL techniques. Therefore, the cointegration is substantiated in all linear and nonlinear
ARDL models. In addition, diagnostic tests are performed to test heteroscedasticity using
the Breusch-Pagan—Godfrey test (Breusch and Pagan 1979), serial correlation using the
Breusch—Godfrey test (Breusch 1978; Godfrey 1978), the normality of the error term using
the Jarque-Bera test (Jarque and Bera 1987), and functional form using the Ramsey RESET
test (Ramsey 1969). The p-values of all diagnostic tests are greater than 0.1 and indicate
that the models do not have any econometric problems.

Table 4. Bound test.

Model Olﬁi?;h];ag F-Statistics  Heteroscedasticity Cofrirliaatlion Normality FuI;zt:;nal
Linear ARDL
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Table 4. Cont.

Optimal Lag - - Serial . Functional
Model Lengths F-Statistics  Heteroscedasticity Correlation Normality Form
Nonlinear ARDL
2
F(CO2E;/GDPC;, GDPC;7, (1,0,1,0,1,0,1) 1.7521 0.4692 1.1993 1.5143 0.3341
TOy, FDI;, NRRP;, NRRN;) (0.9004) (0.3210) (0.4690) (0.5664)
F(OE/GDPC;, GDPC?, 0.4398 0.8055 1.1894 0.4539
TOy, FDI;, NRRP;, NRRNy) (1220,201) 3.5608 (0.9497) (0.4550) (0.5517) (0.6587)
F(GE{/GDPC;, GDPC{?, 1.1181 2.3233 0.1732 0.2980
TOy, FDI;, NRRP;, NRRNy) (1222212) 79431 (0.3354) (0.1138) (0.8869) (0.7429)
2
F(GFE/GDPC;, GDPC;~, (1,2,2,01,1,2) 43444 1.6562 0.6815 0.5466 2.0261
TOy, FDIt, NRRP;, NRRN¢) (0.1122) (0.5123) (0.6789) (0.1463)
F(CE/GDPC;, GDPC?, 0.9008 0.5547 0.4334 0.0299
TOy, FDIt, NRRP;, NRRN}) (1222222) 8.7166 (0.5856) (0.5800) (0.8052) (0.8638)

Critical-Bound F-statistics

Linear ARDL Nonlinear ARDL
Lower Upper
Bound Upper Bound Lower Bound Bound
At 1% 3.3828 4.6578 3.1213 4.4025
At5% 2.6202 3.7704 2.4453 3.6071
At 10% 2.2599 3.3408 2.1240 3.2189

() contain p-values.

The long-run results are estimated and presented in Table 5. The coefficients of GDPC;
and GDPC;? are positive and negative, respectively, in the linear and nonlinear models
of the carbon intensities of gas emissions and cement emissions. Thus, the EKC is sub-
stantiated in the models of the carbon intensities of gas emissions and cement emissions.
Increasing economic growth raises the carbon intensities of gas emissions and cement
emissions initially and reduces the carbon intensities afterward. Similarly, Lu et al. (2021)
and Li et al. (2019) also substantiated the EKC in China in symmetrical analyses. However,
the present study hypothesizes a more dynamic model by incorporating the asymmetrical
effect of NRR in the EKC model. Moreover, the literature did not investigate the EKC in the
carbon intensity model of Saudi Arabia but reported a positive linear impact of economic
growth on carbon intensity (Aziz and Khan 2022; Kahia et al. 2023). The EKC cannot be
validated for the carbon intensities of oil emissions, gas flaring emissions, and aggregate
CO;, emissions. The linear and nonlinear ARDL models reach the same conclusions, and
each model confirms the robustness of the other model.

Trade openness has a negative effect on the CIs of oil emissions, gas emissions, and
cement emissions. Thus, trade openness is found to be helpful in reducing the carbon
intensities of oil emissions, gas emissions, and cement emissions. This effect can be ex-
plained from two sides. Firstly, trade openness may increase the GDP of Saudi Arabia as
the balance of trade is surplus in most sample years. Secondly, trade openness encourages
clean technologies in production and could reduce CO; emissions. Similarly, the literature
has substantiated the negative impact of trade on CI in high-income nations using an
asymmetrical analysis (Wang and Wang 2021) and symmetrical analyses (Wang et al. 2023b;
Wang and Song 2022). However, these studies did not analyze the disaggregated carbon
intensities of different sectors and did not specifically analyze the oil-rich economy of
Saudi Arabia. Thus, the present research exploits this opportunity and finds a negative
impact of trade openness on the CIs of the oil, gas, and cement sectors in the oil-rich and
high-income economy of Saudi Arabia. However, TO; has no effect on the carbon intensities
of gas flaring emissions and aggregate CO, emissions. The results of the linear ARDL are
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consistent with the nonlinear ARDL, which confirms the robustness of the results in all the
aggregated and disaggregated CI models.

The results of the present study show that FDI has no impact on the aggregated CI
in Saudi Arabia. Similarly, Kahia et al. (2023) found an insignificant effect of FDI on the
aggregated carbon intensity in Saudi Arabia. However, Ali et al. (2023) found a negative
effect of FDI on CI. Both studies used symmetrical analyses. However, by conducting an
asymmetrical analysis and using disaggregated proxies of carbon intensity, the present
study solves this inconclusive debate on the relationship between FDI and carbon intensity.
For instance, FDI reduces the carbon intensity of gas flaring emissions in the present study.
Thus, FDI helps to increase the GDP of Saudi Arabia and/or decrease emissions from
gas flaring. In the non-Saudi literature and aggregated carbon intensity analyses, some
studies also validated the negative influence of FDI on carbon intensity (Wang and Wang
2021; Shao 2017; Wang et al. 2023a). Alternatively, FDI raises the CI of cement emissions in
the present research. This result is natural, as the cement sector is highly polluted and is
responsible for a higher carbon intensity. Moreover, the cement sector is highly dependent
on coal, which is the largest source of emissions. Wang and Wang (2021) also reported a
positive effect of FDI on CI in upper-middle-income economies. The effect of FDI on CI is
consistent in the results of both the linear and nonlinear ARDL models, which substantiates
the robustness of the results.

Table 5. Long-run results.

Response Variable Regressors Linear Nonlinear
CO2E; GDPC; 30.4647 (0.4534) 9.5301 (0.6667)
GDPC? —1.3352 (0.4555) —0.4106 (0.6736)
TO; —1.3333 (0.3307) 0.7374 (0.1833)
FDI; 1.8014 (0.7195) —2.1480 (0.3627)
NRR; 2.2596 (0.0874)
NRRP; 0.2278 (0.6436)
NRRN; —0.1510 (0.7806)
Wald test 4.2848 (0.0449)
OE; GDPC; 34.6609 (0.4751) 101.6111 (0.1325)
GDPC? —1.5571 (0.4661) —4.4537 (0.1343)
TO; —2.2444 (0.0777) —1.3167 (0.0168)
FDI; 3.2351 (0.5387) 0.1050 (0.9798)
NRR; 0.4037 (0.0059)
NRRP; 0.3566 (0.0705)
NRRN; 1.0733 (0.0320)
Wald test 8.2385 (0.0067)
GE; GDPC; 743.1641 (0.0000) 520.6722 (0.0197)
GDPC? —32.8096 (0.0000) —23.0184 (0.0191)
TO; —1.6017 (0.0001) —1.10822 (0.0214)
FDI; —0.4138 (0.7674) —0.1509 (0.9048)
NRR; 0.2282 (0.0000)
NRRP; 0.1443 (0.0021)
NRRN; 0.1358 (0.0086)
Wald test 0.0010 (0.9744)
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Response Variable Regressors Linear Nonlinear
GFE; GDPC; 130.5744 (0.7531) 480.0467 (0.3494)
GDPC/? —5.3122 (0.7705) —20.7299 (0.3579)
TO; 0.9551 (0.2333) 1.8851 (0.8410)
FDI; —1.9396 (0.0000) —1.9035 (0.0001)
NRR; 0.1507 (0.0486)
NRRP; 0.2823 (0.0791)
NRRN; 0.1076 (0.0925)
Wald test 3.8221 (0.0506)
CE; GDPC; 210.4811 (0.0030) 106.4833 (0.0143)
GDPC? —9.2902 (0.0003) —4.7326 (0.0134)
TO; —0.7729 (0.0007) —1.9733 (0.0178)
FDI; 1.2622 (0.0000) 1.4844 (0.0713)
NRR; 0.1026 (0.0000)
NRRP; 0.4112 (0.0070)
NRRN; 0.3348 (0.0440)
Wald test 0.3209 (0.5711)

In the results of the linear ARDL, NRR raises the carbon intensities of 0il emissions,
gas emissions, cement emissions, gas flaring emissions, and aggregate CO, emissions. NRR
always contributes to the GDP of the resource-rich economy of Saudi Arabia. However,
this result shows that NRR has contributed to emissions to a greater extent than the
GDP. Thus, NRR is an environmental concern for this economy. Similarly, Mahmood
et al. (2023b) found that oil rents increased aggregated CO, emissions in symmetrical
analyses of the MENA region. In contrast, Ozkan et al. (2023) found that NRR reduced
carbon intensity in an aggregated and symmetrical analysis of India. However, in the
asymmetrical and disaggregated analyses, the present study substantiates that increasing
NRR raises the carbon intensities of oil emissions, gas emissions, gas flaring emissions,
and cement emissions. Similarly, decreasing NRR has a positive effect on the Cls of oil
emissions, gas emissions, gas flaring emissions, and cement emissions. Thus, increasing
NRR increases the carbon intensities of oil emissions, gas emissions, gas flaring emissions,
and cement emissions, and decreasing NRR decreases the carbon intensities of these sources
of emissions. Nevertheless, the effect of NRR on the CIs of oil emissions, aggregated CO,
emissions, and gas flaring emissions is asymmetrical in terms of magnitude. However, the
effect of NRR on the CIs of gas emissions and cement emissions is symmetrical. The signs
of the effects of NRR on CI are the same for all disaggregated proxies of carbon intensity.
Therefore, the results are consistent and substantiate the robustness of the estimates from
the linear and nonlinear ARDL.

Table 6 shows the short-run results. The coefficients of ECT;_; are negative in the
models of the carbon intensities of all sources of emissions. Thus, the short-run relationships
are substantiated in both the linear and nonlinear ARDL models. The coefficients of ECT;_1
in the nonlinear ARDL models are greater than those in the linear ARDL models. This
may be because the linear models ignore the possibility of nonlinear relationships between
the variables. However, the nonlinear models care about the possibility of nonlinear
relationships between the variables. Thus, the nonlinear models estimate more dynamic
and stable relationships (Anderl and Caporale 2022). The EKC is substantiated in a model
of the carbon intensity of the aggregated CO, emissions in both the linear and nonlinear
ARDL estimations. The EKC is also validated in the linear ARDL model of the carbon



Economies 2023, 11, 276

13 of 20

intensity of oil emissions and the nonlinear ARDL model of the carbon intensity of oil
emissions with a one-year lag in economic growth. However, a U-shaped association is
found in the relationship between economic growth with a one-year lag and the CI of gas
emissions in the linear and nonlinear models. The EKC is substantiated in the nonlinear
ARDL model of the carbon intensity of gas flaring emissions and the linear ARDL model
of the carbon intensity of gas flaring emissions with a one-year lag in economic growth.
In the cement emissions model, the EKC is substantiated, and a U-shaped relationship is
found with a one-year lag in economic growth.

Table 6. Short-run estimates.

Response Variable Regressors Linear Nonlinear
CO2E; AGDPC; 4.8181 (0.0161) 2.8991 (0.0674)
AGDPC;? —0.1906 (0.0022) —0.1079 (0.0032)
ATO; 0.0520 (0.6708) 0.0224 (0.6808)
AFDI; —1.8033 (0.0006) —1.9322 (0.0001)
ANRR; —0.0211 (0.8761)
ANRRP; 0.0667 (0.6477)
ANRRN; 0.0568 (0.0002)
ECT;_4 —0.1582 (0.0005) —0.3042 (0.0000)
OE; AGDPC; 32.7942 (0.0011) 5.6705 (0.5774)
AGDPCy_4 31.2704 (0.0019)
AGDPC;? —14,551 (0.0011) —0.2560 (0.5687)
AGDPC;_42 —1.3901 (0.0019)
ATO; —0.0966 (0.6142) 0.0418 (0.1484)
AFDI; —2.9655 (0.0026) —2.1767 (0.0141)
AFDI;_4q —2.2003 (0.0238) —2.5667 (0.0049)
ANRR; 0.2020 (0.3600)
ANRR;_1 —0.0060 (0.0102)
ANRRP; —0.1133 (0.6952)
ANRRN; —0.9899 (0.0013)
ECT;_4 —0.2781 (0.0000) —0.3170 (0.0000)
GE; AGDPC; —77.1841 (0.3680) —140.9580 (0.0888)
AGDPC;_4 —420.0267 (0.0000) —399.1333 (0.0000)
AGDPC? 2.6914 (0.4365) 5.7669 (0.1164)
AGDPC; 42 18.5073 (0.0000) 17.5614 (0.0000)
ATO; —0.2822 (0.1061) —0.6667 (0.6934)
ATO; 4 0.4053 (0.0498) 0.4733 (0.0236)
AFDI; —0.2965 (0.0284) —0.2176 (0.0737)
AFDI;_4 —0.2003 (0.0451) —0.2556 (0.0164)
ANRR; 0.6293 (0.0014)
ANRR;_4 0.6081 (0.0039)
ANRRP; 0.7036 (0.0020)
ANRRN; 0.0847 (0.7567)
ANRRN;_q 0.8825 (0.0052)

ECT;_;

—0.7822 (0.0000)

—0.8601 (0.0000)
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Table 6. Cont.
Response Variable Regressors Linear Nonlinear
GFE; AGDPC; 193.7941 (0.2558) 308.2290 (0.0761)
AGDPC;_4 437.2667 (0.0092) 371.727 (0.0186)
AGDPC;? —8.5563 (0.2582) —13.6044 (0.0778)
AGDPC; 42 —19.6765 (0.0085) —16.8082 (0.0169)
ATO; —0.1253 (0.0769) —0.0931 (0.0084)
AFDI; —0.5543 (0.0027) —0.6189 (0.0009)
ANRR; 0.1785 (0.0000)
ANRRP; 0.1325 (0.0049)
ANRRN} 0.8471 (0.8608)
ANRRN;_1 0.8825 (0.0336)
ECT; 4 —0.5928 (0.0000) —0.6104 (0.0000)
CE; AGDPC; 33.5527 (0.0000) 33.0092 (0.0000)
AGDPC;_4 —20.6776 (0.0035) —20.3756 (0.0033)
AGDPC? —1.4964 (0.0000) —1.4833 (0.0000)
AGDPC;_4? 0.9126 (0.0035) 0.8979 (0.0035)
ATO; —0.2010 (0.1779) 0.0544 (0.7038)
ATO;_4 0.7855 (0.0000) 0.7155 (0.0000)
AFDI; —0.0555 (0.9292) —0.7222 (0.2496)
AFDI; 4 —0.2061 (0.0037) —0.2106 (0.0018)
ANRR; —0.3511 (0.0350)
ANRR;_1 —0.9333 (0.0000)
ANRRP; —0.5711 (0.0033)
ANRRP;_4 —0.8222 (0.0009)
ANRRN} —0.3633 (0.1737)
ANRRN; 1 —1.2567 (0.0000)
ECT; 4 —0.1445 (0.0000) —0.3348 (0.0000)

In the short run, ATO;_1 has a positive effect on the carbon intensities of gas emissions
and cement emissions. However, trade openness has a negative effect on the CI of gas
flaring emissions. Moreover, FDI reduces the Cls of oil emissions, gas emissions, gas
flaring emissions, and aggregated CO, emissions. In addition, FDI with a one-year lag
mitigates the carbon intensity of cement emissions. NRR raises the carbon intensities of
gas emissions and gas flaring emissions. However, NRR mitigates the carbon intensity
of cement emissions. Moreover, NRR with a one-year lag reduces the CI of oil emissions.
In the asymmetrical analysis, increasing NRR raises the carbon intensities of gas and gas
flaring emissions and mitigates the carbon intensity of cement emissions. Decreasing NRR
mitigates the carbon intensities of gas flaring emissions and aggregated CO, emissions.
However, it has a negative effect on the carbon intensities of oil emissions and cement
emissions. In addition, decreasing NRR with a one-year lag mitigates the carbon intensity
of gas emissions. After the discussion of the long- and short-run results, Cumulative Sum
(CUSUM) and CUSUM square (CUSUMSsq) tests are performed to test the stability of the
parameters from the ARDL and nonlinear ARDL models. The results are presented in
Table 7. All graphs substantiate that the estimated CUSUM and CUSUMsq values are
within the critical bound lines, which reflects the stability of the estimated parameters from
the linear and nonlinear models.
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Table 7. Stability test.

Response Variable Test Linear Nonlinear
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Table 7. Cont.

Response Variable Test Linear Nonlinear
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The results of this study suggest that NRR increases the carbon intensities of most
sources of emissions in the long-run estimates of the linear and nonlinear models. Therefore,
NRR is a source of CO, emissions that is increasing carbon intensity. A quarter of Saudi
income and about 90% of exports and government spending are sourced from natural
resource revenues. Therefore, Saudi Arabia should reduce its dependence on natural re-
sources in terms of income, exports, and government spending to avoid the environmental
problems stemming from NRR. The revenues from NRR can be utilized for the economic
transition to shift the economy from the natural resource sector to some environmentally
friendly sectors (Mahmood 2022). Furthermore, the Saudi economy should invest NRR in
the development of renewable energy infrastructure, which would reduce CI. Moreover,
TO and FDI help to reduce the CIs of most sources of emissions. Therefore, Saudi Arabia
should liberalize the economy to enhance trade and attract more foreign investments. This
effort can support a clean environment by reducing the Cl in the investigated sectors and
the entire economy. However, the results show that FDI raises CI in the cement sector.
Thus, FDI in the cement sector should only be welcomed with clean energy technologies.
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Otherwise, the government should design tight environmental policies for this sector to
ensure environmental sustainability.

5. Conclusions

NRR plays a role in determining income and emissions in the resource-rich economy
of Saudi Arabia. Thus, the present research explores the asymmetrical effect of NRR on
the CIs of different sources of CO, emissions using data from 1968 to 2021. In the long
run, the EKC is substantiated in the models of the carbon intensities of gas emissions and
cement emissions. However, the EKC is not substantiated in the models of the carbon
intensities of aggregated CO, emissions, gas flaring emissions, and oil emissions. In the
short run, the EKC is validated in the models of the carbon intensities of oil emissions, gas
flaring emissions, and aggregated CO, emissions. Nevertheless, a U-shaped association is
substantiated in the models of the carbon intensities of gas emissions and cement emissions.
Trade openness reduces the carbon intensities of oil emissions, gas emissions, and cement
emissions in the long run. However, trade openness cannot affect the carbon intensities of
aggregated CO, emissions and gas flaring emissions. Moreover, FDI reduces the carbon
intensity of gas flaring emissions but increases the carbon intensity of cement emissions.
However, FDI has a statistically insignificant effect on the carbon intensities of aggregated
CO, emissions, oil emissions, and gas emissions. In the linear analysis, NRR increases
the carbon intensities of all investigated sources of emissions. In the nonlinear analysis,
increasing NRR increases CI, and decreasing NRR reduces the Cls of all sources of emissions
except aggregated CO, emissions. The effect of NRR is asymmetrical in the models of the
carbon intensities of aggregated CO, emissions, oil emissions, and gas flaring emissions.
However, it is symmetrical in the models of the carbon intensities of gas emissions and
cement emissions. In the short run, trade openness increases the carbon intensities of gas
emissions and cement emissions. However, trade openness decreases the carbon intensity
of gas flaring emissions. Nevertheless, trade openness has a statistically insignificant effect
on the ClIs of oil emissions and aggregated CO, emissions. In addition, FDI decreases the
carbon intensities of all sources of emissions. In the short-run linear analysis, NRR increases
the carbon intensities of gas emissions and gas flaring emissions. However, NRR reduces
the carbon intensities of oil emissions and cement emissions. Nevertheless, NRR cannot
determine the carbon intensities of aggregated CO, emissions and cement emissions. In
the short-run nonlinear analysis, increasing NRR increases the carbon intensities of gas
emissions and gas flaring emissions and reduces the carbon intensity of cement emissions.
Nevertheless, NRR has a statistically insignificant effect on the CIs of oil emissions and
aggregated CO, emissions. Decreasing NRR increases the carbon intensities of oil emissions
and cement emissions and reduces the carbon intensities of gas emissions, gas flaring
emissions, and aggregated CO, emissions.

Based on these findings, NRR increases the carbon intensities of most sources of
emissions. Thus, Saudi Arabia should diversify its economy from natural resource depen-
dence to decrease the environmental problems of NRR. For this purpose, the revenues
of NRR should be utilized for a diversification policy to change the composition of the
industry in favor of a clean environment. Moreover, the revenues from NRR should be
utilized to develop renewable energy production capacity, which would reduce CI and
environmental problems. The results suggest that trade openness reduces the CIs of most
sources of emissions. Therefore, Saudi Arabia should liberalize the economy for foreign
trade to reap further environmental benefits of trade openness. FDI increases the carbon
intensity of cement emissions. Thus, the government of Saudi Arabia should impose strict
environmental regulations in the cement industry to reduce the negative environmental
consequences of foreign investments in this sector.

The present study analyzes proxies of carbon intensity from limited sources of emis-
sions. However, future research may increase the scope of this research by finding data on
emissions from other economic sectors as well. Moreover, a future panel study covering
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the maximum range of resource-rich economies could enhance the generalization power of
the results for a large set of economies.
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