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ENVIRONMENTAL ANALYSIS BASED
ON THE ARDL MODEL

Abstract

This study examines the impact of renewable energy consumption, CO, emissions, and
renewable electricity generation on the Sustainable Development Index in Uzbekistan
over the period 1990-2023. Using an autoregressive distributed lag (ARDL) model,
the study estimates the short- and long-run relationships between these variables. The
Sustainable Development Index is constructed using indicators of primary school en-
rollment, life expectancy at birth, and female labor force participation using a min-max
normalization method. The results indicate a long-run positive impact of renewable
energy consumption (B = 0.0552, p < 0.05), underscoring its significant contribution
to sustainable development. Conversely, renewable electricity generation has a signifi-
cant negative impact in the long run (-0.0153, p < 0.01), which may be due to initial
high transformation costs and short-term economic adjustments. CO, emissions did
not have a statistically significant impact on the Sustainable Development Index. The
model is robust, with no autocorrelation or heteroscedasticity issues, indicating reli-
able results. This study underscores the importance of strategic investments in renew-
able energy and offers valuable insights for policy development, thereby enhancing
Uzbekistan’s sustainable development trajectory.

Keywords renewable energy consumption, CO, emissions,
sustainable development index, economic growth,
environmental sustainability

JEL Classification Q42, Q56, C32

INTRODUCTION

Sustainable development has emerged as a key global priority in ad-
dressing the interrelated challenges of socio-economic growth, envi-
ronmental protection, and energy security. Central to this agenda is
the shift to renewable energy sources, which is essential for reducing
greenhouse gas emissions and strengthening economic sustainabil-
ity. Renewable energy technologies such as solar, wind, and hydro-
power not only provide clean alternatives to fossil fuels but are also
consistent with the Sustainable Development Goals (SDGs) set by the
United Nations, which aim to address issues such as climate change
and inequality.

Shifting energy from fossil fuels to renewables is essential for mitigat-
ing climate change and increasing energy security. This shift allows
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energy-dependent countries to reduce their reliance on imported fossil fuels while promoting indig-
enous renewable energy technologies, thereby contributing to economic sustainability.

Furthermore, improving energy efficiency is a key strategy for this transition, as it allows the same level
of service to be provided with less energy consumption, thereby reducing overall emissions and sup-
porting sustainable development.

Along with energy solutions, the circular economy concept plays a crucial role in sustainable develop-
ment by minimizing waste and enhancing resource efficiency through recycling and regeneration.

This approach not only reduces environmental impacts but also strengthens social equity by ensuring
equitable access to resources and opportunities for all individuals. Ultimately, effective environmental
policies are essential for integrating these strategies into a holistic framework that supports sustainable
development. By prioritizing renewable energy, energy efficiency, and circular economy practices, coun-
tries can move toward a more sustainable future that balances economic growth with environmental
protection.

Today, sustainable development is one of the main issues on the global agenda, encompassing socio-
economic development, environmental protection, and energy security. Renewable energy sources play
an important role in this development path, as they provide an opportunity to reduce emissions of
environmentally harmful gases and ensure economic stability. In particular, the analysis of renewable
energy consumption and its relationship with CO, emissions is a crucial topic for achieving sustainable

development goals in countries.

1. LITERATURE REVIEW

The relationship between sustainable development
and renewable energy is multifaceted, and numer-
ous studies have identified the positive impact of
renewable energy consumption on economic de-
velopment and sustainability. Renewable energy
not only contributes to economic growth but also
plays a crucial role in environmental sustainabil-
ity and social development. For example, studies
confirm the causal relationship between renew-
able energy consumption and value-added in
production, as shown in the case of Kazakhstan
(Hasanov et al., 2025).

Investment in renewable energy has been shown
to significantly boost economic indicators such as
GDP growth rates, employment rates, and per cap-
ita income in developing countries. Strategic in-
vestments in renewable energy infrastructure are
essential to ensure sustainable economic growth
(Ali & Zaighum, 2024).

Renewable energy production in developed

countries is positively correlated with economic
growth. For example, a 1% increase in renewable
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energy production in the G7 countries can lead to
an increase in economic growth of approximately
0.70% in the long term (Abubakirova et al., 2024).

Renewable energy innovation and the introduc-
tion of green technologies are crucial for sustain-
able economic growth. Investment in research and
development (R&D) for renewable energy signifi-
cantly contributes to GDP growth and improved
environmental performance (Mudaser etal., 2024).

Adopting renewable energy sources reduces ecolog-
ical footprints and greenhouse gas emissions, en-
suring environmental sustainability. Unique sourc-
es such as wind energy are effective catalysts for
sustainable economic development (Manal, 2024).

The transition to renewable energy sources such as
solar, wind, hydropower, and geothermal will help
mitigate climate change and contribute to several
Sustainable Development Goals (SDGs), making
a significant contribution to the universal use of
clean energy.

Technological advances in renewable energy, in-
cluding artificial intelligence and machine learn-

http://dx.doi.org/10.21511/ee.16(2).2025.13



ing applications, are enhancing energy efficiency
and reducing installation and operational costs,
thereby supporting environmental sustainability.

Renewable energy consumption is positively asso-
ciated with improved Human Development Index
(HDI), health, education, and economic opportu-
nities. Social benefits also include improving the
perception and image of green initiatives, for ex-
ample, creating a student-friendly environment at
the university through the introduction of green
technologies (Horvath-Csikos & Juhasz, 2024).
Effective policy frameworks, such as feed-in tariffs
and technological advances, will enhance these
benefits (Sharif Zada & Mowahed, 2024). In par-
ticular, the study demonstrates how “green” tariffs
encourage insurance companies to invest in re-
newable energy sources, a crucial factor in attract-
ing capital to this sector (Lyeonov et al., 2025).

Renewable energy projects help increase eco-
nomic opportunities by creating jobs and elec-
trifying villages, which in turn enables inclusive
growth in underserved communities. For exam-
ple, Xolmurotov et al. (2025) show that renewable
energy consumption can have a significant impact
on unemployment rates, highlighting its social
role in Uzbekistan.

The role of renewable energy in supporting eco-
nomic growth, tourism, and GDP growth is signif-
icant, and hydrogen’s potential as a clean energy
carrier is highlighted.

The relationship between the Sustainable Deve-
lopment Goals and renewable energy consumption
can be multifaceted, encompassing economic, en-
vironmental, and social aspects. Renewable energy
plays a crucial role in achieving several Sustainable
Development Goals, SDG 7 (Affordable and Clean
Energy) and SDG 13 (Climate Action), by provid-
ing sustainable energy solutions that mitigate cli-
mate change and promote energy security. The
transition to renewable energy is essential to re-
duce carbon emissions and promote sustainable
economic growth, which is consistent with the
broader goals of the SDGs.

Renewable energy consumption significantly re-

duces carbon dioxide emissions, contributes to
environmental sustainability, and is consistent

http://dx.doi.org/10.21511/ee.16(2).2025.13
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with SDG 13. Studies show that renewable energy
and institutional quality have a negative impact
on consumption-based CO2 emissions, indicating
their role in mitigating environmental degrada-
tion (Almulhim et al., 2025).

Adopting green technology and renewable en-
ergy improves environmental quality by reduc-
ing the ecological footprint and supporting the
sustainability of ecosystems (Caglar et al., 2024).
Renewable energy projects contribute to climate
change mitigation by providing clean energy al-
ternatives, which is crucial to achieving SDG 13.

Renewable energy consumption can have varying
effects on economic growth, depending on its lev-
el of use. In developing countries, it is necessary
to exceed a certain threshold of renewable energy
consumption to achieve positive economic growth
(Ponnambalam & Ilampoornan, 2025).

Technological innovation and renewable energy
consumption are positively correlated, stimu-
lating economic growth and supporting SDG 8
(Decent Work and Economic Growth) (Sun et al,,
2024). The transition to renewable energy is linked
to job creation and economic empowerment, con-
tributing to inclusive growth, especially in rural
and underserved communities.

Renewable energy supports social development
by improving energy access and infrastructure,
which is essential to achieving SDG 7 (Q. Wang et
al., 2024). Policy frameworks and international co-
operation are essential for overcoming barriers to
the adoption of renewable energy sources, includ-
ing high initial costs and regulatory challenges.

Geopolitical risks and climate policy uncertain-
ties can affect renewable energy consumption,
underscoring the need for supportive policies to
ensure energy security and sustainable develop-
ment. Furthermore, the sustainability of utilities,
particularly those owned by municipalities, is a
key factor in ensuring stable energy supply and re-
silience to crises, as has been analyzed in the case
of Hungary (Lentner et al., 2024).

The link between the Sustainable Development

Goals and CO2 emissions is important because
many of the SDGs directly address the need to re-
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duce greenhouse gas emissions to combat climate
change. The SDGs, particularly SDG 13, demon-
strate the need for climate action and significant
reductions in CO2 emissions to achieve the broad-
er sustainable development goals (Hariram et al,,
2023).

Understanding and managing carbon footprints
is crucial to identifying areas where emissions can
be reduced and thereby supporting the achieve-
ment of these goals (Al-mohannadi & Linke, 2014).
Greenhouse gas emissions, primarily CO2, are a
major driver of global warming, and reducing
them is essential for mitigating climate change
and achieving SDG 13.

Effective climate change mitigation strategies,
such as switching to renewable energy sources
and improving energy efficiency, are essential
to reducing these emissions (Rappaccioli-Navas,
2009). Renewable energy sources, including solar
and wind, provide clean alternatives to fossil fuels,
significantly reduce CO2 emissions, and support
SDG 7 and SDG 13 (Jagger et al., 2019).

In addition, introducing a carbon price can cre-
ate financial incentives to reduce emissions, facili-
tating progress toward SDG 13. The transition to
a low-carbon economy is also important because
it minimizes greenhouse gas emissions and sup-
ports sustainable development opportunities
(Ying et al., 2011). Technologies such as carbon
capture and storage (CCS) play a key role in this
transition, especially in sectors that are difficult to
decarbonize.

Finally, investing in sustainable infrastructure is
crucial for reducing environmental impacts, in-
cluding CO2 emissions, and supports several
SDGs, in particular SDGs 9 and 13. Thus, the in-
terlinkages between the SDGs and CO2 emissions
justify the importance of integrated strategies for
sustainable development.

The link between Sustainable Development Goal
7 and renewable energy generation is essential for
achieving a sustainable energy future. SDG 7 aims
to ensure access to affordable, reliable, sustainable,
and modern energy for all by 2030, which is di-
rectly linked to increased renewable energy gen-
eration (Senshaw & Edwards, 2020).
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Renewable energy sources such as solar, wind,
and hydropower are essential for this transition
because they provide sustainable and pollution-
free alternatives to fossil fuels (Morales Pedraza,
2015). Increasing renewable electricity genera-
tion is crucial to expanding energy access, es-
pecially in developing countries where energy
poverty is widespread. Such access not only im-
proves quality of life but also drives economic
growth and poverty reduction.

Decentralized energy systems such as mini-
grids play an important role in this context by
enabling local energy generation and distribu-
tion, thereby reducing dependence on central-
ized grids (Ohi et al., 1980). Furthermore, effec-
tive renewable energy policies and targets are
crucial for guiding investment and encourag-
ing the development of renewable technologies
(Minji, 2017).

These systems create an enabling environment
for innovation and deployment of renewable en-
ergy solutions, which are essential to achieving
the ambitious goals set out in SDG 7. In addi-
tion, energy storage technologies are essential
to manage the intermittent nature of renewable
energy, ensuring a stable and reliable supply
(Xolmurotov et al., 2024). Finally, the integra-
tion of renewable energy into existing grid in-
frastructures poses challenges that need to be
addressed to optimize the distribution of re-
newable electricity.

In conclusion, the interaction between SDG 7
and renewable electricity generation is funda-
mental to achieving a sustainable energy land-
scape, promoting economic sustainability, and
mitigating climate change.

In the context of Uzbekistan, efforts are un-
derway to expand the use of renewable energy
sources, improve energy efficiency, and reduce
CO, emissions. However, there is a lack of in-
depth studies that analyze the long-term and
short-term impacts of renewable energy use and
production on the country’s sustainable devel-
opment index. In this regard, this study is ex-
pected to fill the existing gap in this area and
contribute to the development of practical poli-
cy recommendations.

http://dx.doi.org/10.21511/ee.16(2).2025.13



2. METHODS

The study used the Sustainable Development
Index (SDG Index), which is calculated based on
three main indicators:

o Primary school enrollment (School enroll-
ment, primary, % gross);

o Life expectancy at birth (Life expectancy at
birth, total, years);

o Labor force participation rate, female, % ages
15-64.

The data used in the study cover the period 1990-
2023. All data were obtained from the World
Bank’s open database and Stat.uz and processed
for statistical analysis (Table 1).

Table 1. Variables, measurements, and sources
of data

Variables Sources of Data

SDG Index (School enrollment,
primary (% gross), Life expectancy
at birth, total (years), Labor force
participation rate, female (% of
female population ages 15—64)
{mode GDP per capita (current US$))

i World Bank and Stat.uz
databases
World Bank and Stat.uz
databases

Renewable energy consumption (% of
total final energy consumption)

CO2 emissions (metric tons per i World Bank and Stat.uz

LCAPIR) e JOMBDASES
Renewable electricity output (% of World Bank and Stat.uz
total electricity output) : databases

The min-max normalization method was used to
calculate the SDG index. Each indicator was con-
verted to a scale from 0 to 1 and normalized using
the following equation:

(Xyear - Xmin ) (1)

Normalized Value = ,
(Xmax - Xmin )

where X - indicator value for a given year; X,
— the lowest value of that indicator between 1990

and 2023; X - the largest value of that indicator
between 1990 and 2023.

It is assumed that all three indicators have equal

weight (1/3). The SDG index for each year is calcu-
lated using the following equation:

http://dx.doi.org/10.21511/ee.16(2).2025.13
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SDG Index

year

= %(Norm (School Enroll) )

+Norm (Life Expect) + Norm (Female Labor))

where Norm(School Enroll) — Min-max nor-
malized value of primary school coverage;
Norm(Life Expect) - Min-max normalized value
of life expectancy, Norm(Female Labor) - Min-
max normalized value of female labor force par-
ticipation rate.

The study used the ARDL (Autoregressive
Distributed Lag) model to analyze the relation-
ship between the SDG index and the following
variables:

«  Renewable energy consumption (% total final
energy consumption);

« CO, emissions (metric tons per capita);

« Renewable energy production (% total elec-
tricity output).

Short- and long-run relationships were identified
using the ARDL model. The model results were
tested using the following statistical tests:

e  Unit root tests (ADF and PP tests) — used to
check whether all variables are stationary;

« ARDL Bound test — used to test for long-run
correlation;

o  Breusch-Godfrey LM test — used to test for
autocorrelation;

o Breusch-Pagan test and White test — used to
test for heteroscedasticity;

o Ramsey RESET test — used to test for unex-
pected variables in the model.

The dataset used in this study was previous-
ly partially used by Halmuratov et al. (2025a,
2025b). Due to the use of additional variables
and new approaches in this study, the reuse of
the dataset is justified. All calculations were
performed using the statistical software pack-
ages Stata 17.0 and R 4.2.2.
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3. RESULTS

Descriptive statistics play a crucial role in the
research process by providing a comprehen-
sive view of the variables used in the study. This
approach summarizes and organizes the data,
making it easier for researchers and readers to
understand the characteristics of the sample
and the distribution of the variables. This basic
step is essential to ensure that subsequent anal-
yses, such as inferential statistics, are based on
accurate and well-understood data. Descriptive
statistics are typically used to provide a clear
and concise summary of the variables under
study (Table 2).

Testing for stationarity is a critical step in time
series analysis because it ensures that the statisti-
cal properties of the series, such as the mean and
variance, remain constant over time. This is es-
sential for accurate modeling and forecasting. The
Augmented Dickey-Fuller (ADF) and Phillips-
Perron (PP) tests are commonly used to assess
stationarity (Table 3). These tests help determine
whether a time series is stationary or non-station-
ary. Non-stationary data can lead to spurious re-
sults, making it difficult to draw reliable conclu-
sions from the analysis (Van Greunen & Heymans,
2023). Stationarity provides an effective separa-
tion of a time series into components such as trend
and seasonality, which are necessary for accurate
forecasting (Singh et al., 2024).

Table 2. Descriptive statistics

According to the analysis results, the SDG Index
has its own level statistics of =2.300 and -1.807, and
P-values of 0.1720 and 0.3768, i.e., non-stationary.
However, in the first-order difference, it is —-5.627
and -6.902, with P-values of 0.0000 (P < 0.05), i.e.,
stationary. Renewable energy consumption is not
stationary at its own level (-2.474 and -3.373), but
stationary at the first-order difference (-4.449 and
-7.186, P < 0.05). CO2 emissions are not station-

ary at their own level (-1.356 and -1.350), but sta-
tionarity is achieved at the first-order difference
(-2.852 and -5.862, P < 0.05). Renewable electric-
ity output is also not stationary at its level (-1.547
and -1.829), but there is stationarity in the first-
order difference (-4.792 and -10.337, P < 0.05).

All variables in the study are not stationary at their
level. All variables become stationary after first-
order differencing. Methods for estimating long-
and short-run relationships, such as the ARDL
model, can be used because the data have an I(1)
process. To continue the process, first-order differ-
encing of the time series must be used.

Determining the lags of variables is a crucial step
in time series analysis, as it helps to understand
the temporal dependence and causal relationships
between variables (Table 4). Lags represent the
time delay between cause and effect in a time se-
ries, and determining the correct lag is crucial for
accurate modeling and forecasting. Various meth-
ods and frameworks have been developed to de-

Variable : Obs Mean Std. dev.
_Renewable energy consum 33 13154
LEOZEMISSIONS ettt 31 L AALLS
Renewable electricity output ; 33 16.9410
Table 3. Unit root test results (Intercept)
. ADF test PP test
Variable name ; - - - -
i atLevel first-difference at Level first-difference
i =2.300 -6.902
..0.1720) . . o (0:0000)
Po=2474 : —7.186
Renewable energy consumption e —4.449 (0.0002) —3.373(0.0119) B s
:..{0.1218) . . e 00000)
) i =135 -5.862
CO2 emissions fre it ) 857 (0.0412) -1.350 (0.6058) R
:..{0.6030) . . ..00000)
—-1.547 -10.337
Renewable electricity output e —4.792 (0.0001) -1.829 (0.3664)
(0.5103) (0.0000)
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Table 4. Lag-order selection criteria
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Lag LL LR FPE AIC HaQlC SBIC
O TB0%E T 00015 L 25883 28U 27469

19.9823 106.16 .000012* .00122* .2965* .9441*
) C 344787 28.993* 000014 C 1049 6365 . 1.8022

Note: * — optimal lag; Endogenous: SDG_Index Ren_ener_cons CO2_emmis_metric_ton Ren_elec_output.

termine these lags, each with its own advantages
and applications.

Table 4 presents the criteria for choosing the lag
order. The lag order plays an important role in
time series analysis because it helps to identify
the relationship and causality between variables.
According to the AIC, HQIC, and SBIC criteria,
lag 1 was found to be the optimal choice.

This result is important in determining the lag or-
der that can be used in the ARDL model and other
time series models. The correct choice of lags in-
creases the accuracy of the results and the reliabil-
ity of the model.

The ARDL model is a popular econometric tool
used to analyze the dynamic relationships be-
tween variables, especially when they are com-
bined in different orders. Before applying the
ARDL model, it is important to test for cointegra-
tion between the variables to ensure that a long-
run equilibrium relationship exists. The bounds
test, developed by Pesaran et al. (2001), is a widely
used method for testing cointegration in the con-
text of ARDL models. This test is particularly use-
ful because it can be applied regardless of whether
the underlying variables are pure 1(0), pure I(1), or
a combination of both, making it versatile for a va-
riety of data sets.

The ARDL bounds test is effective even with small
sample sizes, which is often a limitation of other
cointegration testing methods. This makes it suit-
able for studies with limited data (Natsiopoulos &

Table 5. ARDL bound test results

Tzeremes, 2022). The bounds test provides a com-
prehensive view of the relationships between vari-
ables, allowing for the simultaneous assessment of
short-term and long-term dynamics.

Although the ARDL bounds test is a reliable tool
for testing cointegration, it is important to con-
sider its limitations and ensure that the model is
properly specified. Researchers should be aware
of the potential for spurious results and may
need to use additional methods to confirm their
findings (Maji, 2022). Despite these difficulties,
boundary testing remains a valuable method for
examining long-term relationships across vari-
ous domains.

Table 5 presents the results of the ARDL
(Autoregressive Distributed Lag) bound test. This
test is used to determine the presence of long-run
dependence (cointegration). F-value = 6.075, the
F-statistic is above the critical values, i.e., at the 1%
(4.29-5.61), 2.5% (3.69-4.89), 5% (3.23-4.35), and
10% (2.72-3.77) levels. This is above the I(1) thresh-
old, which means that there is a long-run depen-
dence. t-value = —-4.522, the t-statistic is also below
the critical values, i.e. at the 1% ((-3.43) - (-4.37));
2.5% (-3.13) - (-4.05); 5% (-2.86) - (-3.78); and
10% (-2.57) — (-3.46). This further confirms the
existence of a long-term relationship.

These results indicate that the long-run regression
results using the ARDL model are robust. The re-
sults of the study prove the long-run relationship
between renewable energy, CO, emissions, and
the SDG index.

Bound Test statistics Critical F-values : Critical t-values
Estimated Values . Critical Levels | LowerBounds :| UpperBounds | LowerBounds  Upper Bounds
0.010 ' 429 ' 561 -3.43 '
3.69 4.89 -3.13
"""" 3.23 435 -2.86
0.100 2.72 3.77 -2.57

Note: accept if F < critical value for 1(0) regressors; reject if F > critical value for 1(1) regressors.

http://dx.doi.org/10.21511/ee.16(2).2025.13
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Table 6. ARDL (2,1,2,3) regression results

Sample: 1994 thru 2020 - Number of obs = 27
- - R-squared = 0.6957
- Adj R-squared = 0.4725
~ Log likelihood =81.9713 - o Root MSE =0.0156
D.SDG_Index Coefficient : Std.err. | t | P>t | [95% conf. interval]
ADJ
SDG_Index
L1. -.8703 {1722 ¢ =505 i 0.000 [-1.2373 —.5032]
LR
Ren_ener_cons .0552 0223 © 247 i 0026 L0075 .1029]
co7_emms_metac_ton “ow o oer osms | osat omsl
Ren_elec_output -.0153 .0028 : -5.32 ¢ 0.000 [-.0214 -.0091]
SR
SDG_Index
LD. 13303 . 1947 1 170 i 0110 [-.0847 .7454]
Ren_ener_cons
D1. -.0339 i 0147 | =231 1 0.036 [-.0652 —.0025]
CO2_emmis_metric_ton
D1. —.0006 {0156 i -004 i 0.968 (0339 .0326]
. 0303 C 0142 ¢ 213 ¢ 0050 | [-.00002 .06073]
Ren_elec_output
D1. 0123 i 003 i 333 i 0.005 (0044 .0202]
D 0087 . .0032 . 267 | 0017 . [0017 0156)
LD :0049 0023 ..216 : 0048 . . .1:00005 .0099]
_cons 5682 1743 ¢ 326 ¢ 0.005 1967 .9398]

Table 6 presents the results of the ARDL (2,1,2,3)
regression model. This model was used to analyze
the relationship between the SDG index and re-
newable energy consumption, CO, emissions, and
renewable electricity generation.

R-squared = 0.6957; the model’s explanatory pow-
er is 69.57%, which is a good result. Adj R-squared
= 0.4725; the adjusted R? value is 47.25%, which
means that the independent variables affect al-
most half of the results. Root MSE = 0.0156; the
model’s estimated error rate is relatively low. Log
Likelihood = 81.9713; the logarithmic value of the
model’s likelihood function.

Long Run Effects (LR) L1. SDG_Index (-0.8703, P
= 0.000). The effect of the past SDG index on the
current index is negative and statistically signifi-
cant. This indicates that there is a long-term rela-
tionship between the variables. Renewable energy
consumption (0.0552, P = 0.026) has a positive ef-
fect on the SDG index and is statistically signifi-
cant (P < 0.05). Every 1 unit increase in renewable
energy consumption increases the SDG index by
0.0552. The effect of CO, emissions (-0.0121, P =
0.5319) is statistically insignificant (P > 0.05). An
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increase in CO, emissions may have a negative ef-
fect on the SDG index, but the results are not re-
liable. Renewable electricity output (-0.0153, P =
0.000) has a negative and statistically significant
impact on the SDG index (P < 0.01). Increasing the
share of renewable energy in electricity generation
can reduce the SDG index.

As for short-run effects (SR), D1. Renewable ener-
gy consumption (-0.0339, P = 0.036) has a nega-
tive and statistically significant effect (P < 0.05).
In the short run, an increase in renewable energy
consumption can lead to a decrease in the SDG
index. D1. CO, emissions (-0.0006, P = 0.968) are
statistically insignificant (P > 0.05), meaning that
CO, emissions do not significantly affect the SDG
index in the short run. D1. Renewable electricity
output (0.0123, P = 0.005) is statistically signifi-
cant and positive (P < 0.01). In the short run, an
increase in renewable energy production increases
the SDG index. LD. Renewable electricity output
(0.0087, P = 0.017) and L2D. (0.0049, P = 0.048)
are also statistically significant and have a positive
effect on the SDG index. Constant term (0.5682, P
=0.005); the intercept value of the model is 0.5682,
which is statistically significant.
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Overall, there is a long-term relationship. The
ARDL model results indicate a positive long-term
impact of renewable energy consumption and a
negative impact of renewable electricity genera-
tion. CO, emissions do not have a significant im-
pact on the SDG index in the long or short run.

In the short term, the impact of renewable elec-
tricity generation is positive, but renewable energy
consumption is having a negative impact.

The model fits well (R? = 69.57%) and many results
are statistically significant.

Table 7. Breusch-Godfrey LM test
for autocorrelation

Prob > chi2
0.8958

lags(p) chiz | df
1 L0017 1

HO: no serial correlation

Table 7 presents the results of the Breusch-
Godfrey LM test for autocorrelation. The Breusch-
Godfrey LM test is used to test for autocorrelation
(Halmuratov et al., 2025a, 2025b). In time series
analysis, residual variables can be related to values
from previous periods, which can lead to inaccu-
rate model results (King, 1987). If autocorrelation
is present, the model estimates may be inefficient
and unreliable. If autocorrelation is absent, the re-
siduals of the model are independently distributed,
indicating that the model is well-formed (Rois et
al., 2012).

Table 7 shows the chi-square statistic (chi®) = 0.017,
degrees of freedom df = 1, and P-value = 0.8958.
Null hypothesis (Ho): There is no autocorrela-
tion among the residuals. Alternative hypothesis
(H,): There is autocorrelation among the residuals.
The P-value is 0.8958, which means that P > 0.05,
which means that one cannot reject the null hy-
pothesis. This means that there is no autocorrela-
tion in the model residuals, meaning that the re-
sults are reliable. The model residuals were found
to be free of autocorrelation (P = 0.8958 > 0.05).
This model is well specified, and the residuals are
independently distributed, meaning that the mod-
el results are reliable. The regression estimates are
efficient, and there is no problem of spurious cor-
relation. Durbin-Watson statistic = 1.893043. This
value is close to = 2, meaning that autocorrela-
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tion is absent or very low. The result is consistent
with the Breusch-Godfrey LM test, meaning that
the residuals are found to be free of significant
autocorrelation.

Table 8. Breusch-Pagan/Cook-Weisberg test
for heteroskedasticity

Assumption: Normal error terms
Variable: Fitted values of D.SDG_Index
HO: Constant variance

chi2(1) =2.58

Prob > chi2 = 0.1083

The Breusch-Pagan/Cook-Weisberg test is used
to determine whether heteroscedasticity is pres-
ent (Table 8). Heteroscedasticity is a condition in
which the variance of the model residuals depends
on the values of the variables, which leads to in-
correct estimation and reduced reliability of the
regression results (Saribayevich et al., 2024).

Null hypothesis (Ho): The residual variance is
constant (homoscedasticity exists). Alternative
hypothesis (H;): The residual variance is not con-
stant (heteroscedasticity exists). According to the
results of the analysis, chi’(1) = 2.58, Prob > chi® =
0.1083, P > 0.05, i.e., one cannot reject the null hy-
pothesis > There is no heteroscedasticity.

Heteroscedasticity was not detected in the model
residuals (P = 0.1083 > 0.05). The residual variance
is stable (homoscedastic), which indicates a high
reliability of the model.

Table 9. White’s test results

HO: Homoskedasticity

Ha: Unrestricted heteroscedasticity
chi2(9) =5.27

Prob > chi2 =0.8099

Cameron & Trivedi’s decomposition of IM-test

Source chi2 :df: p
Heteroskedasticity i 527 9 i 0.8099
Skewness . 223 3 570
Kurtoss e 242101201
Total © 991 13 07009

The White test is used to test for heteroscedas-
ticity (non-constant variance of the residuals)
(Table 9). Unlike the classic Breusch-Pagan test,
this test can also detect nonlinear relationships
in variance, i.e., it helps to identify complex het-
eroscedasticity (Qodirov et al., 2024). Null hy-
pothesis (H,): Homoscedasticity exists (residual
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variance is constant). Alternative hypothesis (H,):
Heteroscedasticity exists (residual variance de-
pends on the variables). If the P-value is great-
er than 0.05, the null hypothesis is not rejected,
and heteroscedasticity is not considered to exist.
According to the analysis results, chi*(9) = 5.27,
P > chi* = 0.8099, P > 0.05, i.e., one cannot reject
the null hypothesis > There is no heteroscedastic-
ity. Cameron and Trivedi IM-test results: Chi® =
5.27, df = 9, P = 0.8099 > Statistically insignifi-
cant, there is no heteroscedasticity. Chi* = 2.23, P
= 0.5270 > Skewness indicates that the distribu-
tion of residuals is normal. Chi* = 2.42, P = 0.1201
> The distribution has moderate skewness. The
overall test result is chi* = 9.91, P = 0.7009 > The
model is homoscedastic, i.e., the residual variance
is stable.

Table 10. Ramsey RESET test for omitted
variables

Omitted: Powers of fitted values of SDG_Index
HO: Model has no omitted variables
F(3,24)=0.50

Prob > F = 06890

The Ramsey RESET test is used to check whether
there are important omitted variables in the mod-
el (Table 10). If important variables are omitted
from the model, the regression results may be in-
correct (Christodoulou-Volos & Tserkezos, 2023).

Null hypothesis (H,): There are no omitted
variables in the model. Alternative hypothesis
(H,): There are omitted variables in the model.
According to the results of the analysis, F(3,24) =
0.50, Prob > F = 0.6890, P > 0.05, i.e., one cannot
reject the null hypothesis > There are no signifi-
cant omitted variables in the model.

The model is well specified, meaning there are no
significant omitted variables. The regression re-
sults are reliable because all significant variables
are included in the model. P = 0.6890 > 0.05, in-
dicating that no significant variables are omitted
from the model.

4. DISCUSSION

This study analyzed the Sustainable Development
Index (SDG Index) and its relationship with re-
newable energy consumption, CO, emissions, and
renewable electricity generation. Based on the
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ARDL model, short- and long-run relationships
were estimated, and the model reliability was
checked through significant statistical tests.

In the long run, renewable energy consumption has
a positive impact on the SDG index (P < 0.05). This
result confirms that sustainable energy sources have
a positive impact on socio-economic development.
Previous studies have also shown that renewable
energy has a positive impact on sustainable devel-
opment factors such as health, education, and work-
force employment (Sharif Zada & Mowahed, 2024).

The long- and short-term effects of CO, emissions
are not statistically significant (P > 0.05). This re-
sult is consistent with some previous studies, but
there is some debate that the effects of CO, emis-
sions may be stronger (T. Wang, 2024). A possible
reason is that the country’s manufacturing and in-
dustrial sectors may have significantly reduced the
correlation between CO, emissions and the sus-
tainability of the SDG index.

In the long run, a negative impact of renewable
electricity generation on the SDG index was found
(P < 0.01). This is an unexpected result, and the
transition to renewable electricity may have a neg-
ative impact on sustainable development in the
early stages (Moinuddin & Olsen, 2024). This re-
sult is in part different from previous studies, as
most studies have emphasized the positive impact
of renewable electricity generation. The reasons
for this can be technological transformation costs,
as switching to renewable energy can be economi-
cally expensive; temporary job losses, as some
traditional energy sectors may shrink, which can
create uncertainty in the labor market; national
energy policy and infrastructure constraints, as
renewable energy requires an adapted infrastruc-
ture to operate effectively.

Increasing renewable energy consumption will
have a positive impact on the SDG index, so gov-
ernments and investors should introduce more
incentive mechanisms to develop this sector. The
negative impact of renewable electricity genera-
tion may be temporary, so long-term planning
and infrastructure investments are important.

The fact that the impact of CO, emissions on the
SDG index was statistically insignificant suggests
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that further research is needed to better under-
stand this relationship.

This paper has several limitations. The study used
country-level data. In the future, it may be impor-
tant to conduct detailed analysis at the regional or
local level. The impact of renewable energy on the

Environmental Economics, Volume 16, Issue 2, 2025

SDG index may vary across industries. This could
be an interesting area for future research. The study
only considered three main factors: renewable en-
ergy consumption, CO, emissions, and renewable
electricity generation. Future research could in-
clude additional factors such as corruption levels,
political stability, and economic development levels.

CONCLUSION

This study aimed to investigate the impact of renewable energy consumption, CO, emissions, and renew-
able electricity production on the Sustainable Development Index in Uzbekistan using the ARDL model.

According to the results, renewable energy consumption has a positive and statistically significant im-
pact on the Sustainable Development Index in the long run (B = 0.0552, p < 0.05). This indicates that
increasing renewable energy consumption in Uzbekistan makes a significant contribution to the sus-
tainability of socio-economic development. In the short run, however, increasing renewable energy con-
sumption has a negative impact on the sustainable development index (-0.0339, p < 0.05), which may be
related to the transformational difficulties and economic adjustment costs that arise in the early stages
of the transition to renewable energy.

While renewable electricity generation has a positive impact on the sustainable development index in
the short term (0.0123, p < 0.01), its impact in the long term is negative (-0.0153, p < 0.01). This contra-
dictory result can be explained by the complexities that arise when integrating electricity grid infra-
structure and management systems with renewable energy sources. CO, emissions, on the other hand,
did not have a statistically significant impact on the Sustainable Development Index in Uzbekistan.

Based on the results of the study, the following conclusions can be drawn. First, increasing the con-
sumption of renewable energy in Uzbekistan is an effective strategy to support sustainable development.
Second, the development of renewable electricity generation should be supported by appropriate infra-
structure and institutional reforms to ensure it does not negatively impact sustainable development in
the long term. Third, a policy to reduce CO, emissions cannot be the only sufficient measure to achieve
Uzbekistan’s sustainable development goals.

Future research is expected to explore the regional and sectoral differentiation of renewable energy poli-
cies, find the optimal balance between environmental and economic sustainability, and assess the socio-
economic consequences of the energy transition in Uzbekistan. Such research will be important for
further improving Uzbekistan’s national energy strategy and achieving sustainable development goals.
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