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ABSTRACT

This study analyzes the effect of natural resource efficiency, renewable energy, ICT, and economic growth on carbon
dioxide (CO:) emissions in ASEAN-6 countries, namely Indonesia, Malaysia, Thailand, the Philippines, Vietnam,
and Singapore. This study uses panel data for the period 1990-2023 and is analyzed using the panel Autoregressive
Distributed Lag (ARDL method to estimate the short-term and long-term relationships between variables. The results
show that in the long term, natural resource efficiency and renewable energy tend to play a role in reducing CO:
emissions, while ICT and economic growth show varying relationships depending on the economic structure and
level of development of each country. In the short term, carbon emission dynamics are influenced by changes in
economic activity, energy utilization, and the intensity of digital technology use. These findings provide an under-
standing that efforts to reduce carbon emissions in ASEAN-6 cannot rely on a single factor, but require synergy
between increasing resource efficiency, accelerating the renewable energy transition, utilizing environmentally
friendly ICT, and managing sustainable economic growth. Therefore, this study recommends strengthening inte-
grated low-carbon development policies to support climate change mitigation commitments without hampering re-
gional economic growth.
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INTRODUCTION

Climate change has become an unavoidable global issue because it directly impacts human
survival, ecosystems, and economic sustainability. The increase in Earth's temperature is largely
triggered by the accumulation of greenhouse gasses released from human activities. There are
various types of greenhouse gasses, such as carbon dioxide (CO:), which have the most dominant
influence on global warming. The Intergovernmental Panel on Climate Change (IPCC) report
confirms that CO: contributes more than 70% of the total global greenhouse gas emissions. The
selection of CO: as the focus of research is based on its most significant role in driving climate
change compared to other greenhouse gasses such as methane (CH4) or nitrous oxide (N:0).
Additionally, CO: has the closest relationship with economic activities and fossil fuel
consumption, making it a key indicator in measuring the extent to which economic development
contributes to environmental degradation (Daeli, 2024).

Economic progress in ASEAN continues to contribute to carbon emissions. This growth is
driven by industrialization, increased international trade, and closer regional economic
integration thru various regional agreements (Lim & Liu, 2024). However, this accelerated
growth also brings about consequences such as increased energy consumption, dependence on
fossil fuels, and a rising carbon emission rate. This situation makes the issues of energy efficiency
and carbon emission reduction highly relevant to study in this region, especially since the
ASEAN-6 faces a dual dilemma of maintaining high economic growth while fulfilling global
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commitments to sustainable development and climate change mitigation (Pangestu &
Ayuningsasi, 2024).

Development in ASEAN-6 still heavily relies on the exploitation of natural resources,
whether from fossil fuels or the mining and forestry sectors. The use of these resources often
does not consider sustainability aspects, leading to environmental damage and an increased
carbon footprint. The efficiency of natural resource utilization is still low, as reflected in the high
energy intensity per unit of economic growth in most countries. This indicates the need for new
strategies in resource management that are more wise and economical (He et al., 2025).

The concept of natural resource efficiency emerges as one of the important solutions in
addressing this challenge. This concept emphasizes the importance of generating high economic
output while minimizing the input of natural resources and energy used. Resource efficiency not
only reduces production costs but also lowers the carbon emissions generated in the process.
Thus, improving efficiency becomes the key to achieving low-carbon economic growth
(Gonzélez et al., 2025).

In addition to resource efficiency, energy transition is also a crucial factor in climate change
mitigation efforts. The transition from fossil fuels to renewable energy has become an important
agenda at both the global and regional levels. Renewable energy sources such as solar, wind,
water, and biomass are seen as capable of providing sustainable energy while significantly
reducing carbon emissions. In the ASEAN-6 region, the utilization of clean energy presents both
an opportunity and a significant challenge amid the rising energy demand (Makhoukh et al.,
2025).

Renewable energy has become one of the main topics in global development discussions
due to its contribution to reducing carbon emissions. Energy sources such as solar, wind, water,
and biomass are seen as capable of replacing the long-standing heavy reliance on fossil fuels.
However, the transition to clean energy is not a simple process as it involves technological
aspects, investment costs, and regulatory readiness. The potential of renewable energy is indeed
abundant, but its utilization is often hindered by structural barriers (Hafdaoui et al., 2025).

In this context, information and communication technology or ICT plays an increasingly
important role. ICT is no longer viewed merely as a communication tool, but rather as a key
catalyst in driving energy efficiency and environmental management. Thru digital systems,
energy data can be monitored in real-time, allowing potential waste to be identified and reduced
immediately. In other words, ICT serves as a bridge between energy transition efforts and the
effectiveness of its use (Lorente et al., 2025).

The presence of ICT in the energy sector opens up opportunities to enhance transparency
and efficiency in resource management. For example, the implementation of smart grids allows
energy distribution to become more adaptive according to existing needs and production
capacity. This is very important in the context of renewable energy, which is fluctuating in nature,
such as solar and wind power. Without ICT support, the integration of clean energy into the
national system will face many technical challenges (Gholipour et al., 2023).

This ICT phenomenon highlights the need for an in-depth study on the dual role of digital
technology toward the environment. ICT becomes an instrument to optimize energy efficiency
and minimize emissions, but on the other hand, it also adds an energy burden from the
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digitalization sector. Thus, research on the relationship between ICT and carbon emissions is not
only theoretically important but also crucial for public policy and development strategy (Wang
et al., 2025).

Economic growth remains the primary indicator in assessing a country's economic
performance. Economic growth is often used as a benchmark for development success, as it
reflects the increase in the production of goods and services as well as the improvement in the
welfare of the community. However, in the context of the environment, high economic growth
does not always mean positive. The increase in economic growth is often accompanied by a rise
in fossil fuel consumption and excessive exploitation of natural resources (X. Chen & Ding,
2023).

In the context of sustainable development, it is important to view economic growth not
only as an indicator of economic growth but also how that growth impacts environmental quality.
Development that focuses solely on economic growth without considering carbon emissions will
incur significant social and ecological costs in the future. Thus, studies on the relationship
between economic growth and CO: are becoming increasingly important to ensure a balance
between growth and sustainability (Xu et al., 2024).

The interaction between economic growth, ICT, renewable energy, and natural resource
efficiency has very important strategic implications in formulating low-carbon development
policies. Economic growth that drives increased energy demand needs to be balanced with the
utilization of renewable energy to avoid increasing carbon emissions. On the other hand, resource
efficiency plays a role in reducing the wastage of production inputs, which often leads to
increased emissions. ICT serves as a connector that enables production and energy systems to
become more efficient and integrated. However, the relationships between these variables do not
always show a unidirectional and consistent relationship across countries or over economic time
periods (Uche et al.,, 2025). Therefore, an initial understanding of the dynamics and
interrelationships between independent variables and carbon emissions in ASEAN-6 can be
reviewed thru the movement patterns of each variable over time in Figure 1.
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Figure 1 Graph of Natural Resource Efficiency, Renewable Energy, ICT, and Economic
Growth Against Carbon Dioxide

Figure 1 shows that all countries experience increases and decreases in CO: emissions over
time, but the rates and patterns differ. Vietnam and Indonesia stand out the most with a significant
increase in emissions due to industrial development and economic growth, while smaller and
more developed countries like Singapore show a slower increase and then tend to level off in the
later period. The case of Vietnam shows that very rapid economic growth is closely related to
the increase in CO: emissions, nearly doubling during periods of rapid growth.

Next, in the case of Indonesia in 2006, 2017, and 2020, the increase in natural resource
efficiency was actually followed by an increase in CO: emissions. A similar phenomenon is also
observed in other ASEAN countries such as Malaysia in 1999, 2004, 2007, 2009, and 2020, as
well as in Thailand in 1994, 2002, 2004, 2007, and 2010. This condition shows that
improvements in efficiency during certain periods do not always reflect a decrease in emissions,
but rather can be accompanied by increased economic activity and industrialization that also
drive up carbon emissions.
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In the context of the relationship between energy and emissions, Figure 1 provides an
overview of the dynamics of the energy transition in the ASEAN-6 countries. The increase in the
use of renewable energy should lead to a reduction in carbon dioxide emissions, as these clean
energy sources replace the role of high-emission fossil fuels. However, based on the empirical
data presented, the phenomenon occurring in the ASEAN countries shows a relationship
direction that is not entirely consistent with the theory. Although the proportion of renewable
energy tends to increase year by year, CO: emissions do not always decrease; in fact, in some
periods, they even rise simultaneously.

Meanwhile, the role of ICT has shown a very rapid increase since the early 2000s in almost
all countries. This increase reflects the growth of digital infrastructure such as data centers and
communication networks, which on one hand has the potential to increase energy consumption.
However, on the other hand, digitalization also allows production processes and economic
activities to become more efficient, replacing some physical activities, and potentially reducing
carbon emissions in several sectors. Nevertheless, the increase in ICT shown in Figure 1 has not
yet fully managed to curb the rate of carbon emissions increase, as the efficiency gains are still
overshadowed by the growth of industrial activities and the overall increase in energy demand
(Yuetal., 2023).

In addition to the dynamics of ICT, the economic growth pattern shown in Figure 1
indicates a trend of decreasing energy intensity in several ASEAN-6 countries, which means there
is an improvement in terms of efficiency. In other words, each country is able to increase the level
of production and economic activity with more efficient energy use compared to the previous
period. This is in line with Sakipova's study which reveals that along with economic development
and efficiency policies, energy consumption per unit of economy does indeed decrease. However,
this decrease does not automatically mean that total emissions also decrease, especially if the
scale of the economy and energy consumption broadly continue to increase (Sakipova et al.,
2015).

METHODS

The scope of this research is the field of economics. In this study, the researchers analyze
the relationship and impact of natural resource efficiency, renewable energy, ICT, and economic
growth on carbon dioxide in the ASEAN-6, namely: Indonesia, Malaysia, Thailand, Singapore,
the Philippines, and Vietnam. This research is a quantitative study using secondary data. The
data used is annual data for the period from 1990 to 2023, totaling 33 years. With a review of all
panel data amounting to 198 in six ASEAN countries, namely: Indonesia, Malaysia, Thailand,
Singapore, the Philippines, and Vietnam. The data used in this study is panel data, which is a
combination of time series data and cross-sectional data obtained from the World Bank.

The quantitative analysis method used in this research is the panel data regression method.
Silvia (2019) argues that panel data is a combination of time-series data and cross-section data.
This research uses secondary data from the World Bank and Our World In Data websites, from
the years 1990-2023. The dependent variable in this study is carbon dioxide, while the
independent variables are natural resource efficiency, renewable energy, ICT, and economic
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growth. In analyzing all these variables, this study uses panel regression analysis.With the
following model:

ni n2 n3 n4
ACOZy = fo+ ) PuCO2y—i+ ) PuNREye + ) PuRECi s+ ) BulCTyyy
i=1 i=1 i=1 i=1
n4

+ z BsiEGii_1 + 6,C02j i1 + 0,NRE; 1 +03REC;;_1 + 04ICTj;_;
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CO2 : Carbon Dioxide

NRE : Natural Resource Efficiency

REC : Renewable Energy

ICT : Information, Communication, and Technology
EG  : Economic Growth

B1, B2, B3, B4 : Short-term Coefficients

0,,0,,05,0, :Long-term Coefficients

t : Year, specifically 1990-2023

] : 6 ASEAN Countries (Indonesia, Malaysia, Thailand, Singapore, the Philippines, and
Vietnam)

I : Lag order

€ : Error term

This research uses the Autoregressive Distributed Lag (ARDL) approach model introduced
by Pesaran et al. (2001) to test the existence of cointegration among variables and also to estimate
the long-term and short-term coefficients of these variables. According to Pesaran (1997), the
ARDL model is a neatly stored time series econometric model used in many sources to evaluate
the relationship between climate and crops, especially when data is available at the macro level
such as national, regional, or other countries (Sharma et al., 2024).

The short-term coefficients 8 ;, 5> ;, B3 ; P4, indicate the impact of changes with A of each
independent variable on the change in carbon dioxide in the short term. This impact is calculated
at a specific lag (i) to accommodate the delayed effects of the variables. The long-term
coefficients 64, 8,, 05, 8, describe the relationship between carbon dioxide and the independent
variables in the long term. The independent variables at lag-1 (t-1) are included to observe the
long-term effects of each variable on carbon dioxide.

Carbon dioxide data has been logarithmically transformed. This process is carried out to
reduce the scale of large data and handle non-normal distributions, making the analysis more
stable and the interpretation of coefficients more proportional. With logarithmic transformation,
relative changes in air transport infrastructure can be analyzed more comparably against other
variables.

This model is designed to identify how changes in various sectors, including natural
resource efficiency, renewable energy, technology, and economic growth, affect carbon dioxide
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in six ASEAN countries (Indonesia, Malaysia, Thailand, Singapore, the Philippines, and
Vietnam) during the period 1990-2023. The combination of short-term and long-term allows this
research to evaluate both the direct impact and the cumulative effects of each variable.

It is very important to understand how much economic components influence each other
in an increasingly unstable world. There are several factors, such as transportation infrastructure,
urbanization, and ICT, that significantly impact a country's economic situation. This hypothesis
is based on research that examines relevant economic facts and theories to test the relationship
between short-term and long-term determined variables, the null hypothesis (HO) and alternative
hypothesis (H1) can be analyzed as follows:

Table 1 Short-Term Hypotheses
H_O: there is no short-term H_1: there is a short-term effect
effect

P11 = P12 = P13 = P1a = P15 =0
B21 = B2z = P23 = P24 = P25 =0
B31 = B3z = B33 = P3s = P35 =0
Ba1 = Baz = P43 = Pas = Pas =0
Bs1 = Psz = Ps3 = Psa = Pss =0

P11 # P12z # P13 # Pra # P15 # 0
B21 # B2z # P23 # P24 # Pas # 0
B31 # B3z # B3z # P34 # P35 # 0
Ba1 # Baz # Paz F Paa # Pas # 0
Bs1 # Psz # Psz # Psa # Pss # 0

However, to test the existence of the long-term influence of the hypothesis H (0) and
H 1, it is formulated as follows:
Table 2 Long-Term Hypotheses
H_0: there is no long-term effect H_1: there is a long-term effect
P11 =012 =013 = P14 =015 =0 P11 # D12 # 013 # D14 # 015 # 0
D21 = @22 =023 = P24 = P25 =0 Pa1 # P22 # 023 # P24 # D5 # 0
P31 = P32 = @33 = P34 = P35 =0 P31 # B3z # 033 # P34 # P35 # 0
Pa1 = Paz = 043 = Duq = Pu5 =0 Pa1 # Paz # D43 # Dag # Dus # 0
P51 = P52 = P53 = P54 = P55 =0 P51 # Bsp # Ps3 # Psq # Ps5 # 0

- H; : @, # 0 (The efficiency of natural resources and renewable energy has a negative
impact on carbon dioxide in the long term).

- H; : @, # 0(Information and communication technology and economic growth have a
positive impact on carbon dioxide in the long term).

RESULTS AND DISCUSSION
RESULT

The stationarity test ensures that the time series data has a consistent and varying mean
over time. Analyzing regression results that contain spurious correlation is very important in
ARDL analysis to ensure that the data set is at level I(0) and I(1). This study uses the Phillips-
Perron (PP) method for the stationarity test because it is more accurate in addressing issues than
the Levin or ADF methods, which are often used as a backup for unit root testing.
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Table 3 Stationarity Test

Level First Difference

Variabel Urutan

Statistik P-Value Statistik P-Value integrasi
Carbon Dioxide
(CO2) 101.012 0.0000 324.836 0.0000 1(1)
Efficiency  of
natural 118.910 0.0000 99.4959 0.0000 I(1)
resources (NRE)
renewable

67.7966 0.0000 71.0174 0.0000 I(1
energy (REC) O
ICT 50.9248 0.0000 48.6639 0.0000 I(1)
Economic Growth ¢} 4947 0.0000 73.5470 0.0000 1(0)

(EG)
Source: Processed using Eviews 12 software (2025)

Table 3 shows the results of the stationarity test using the Phillips—Perron (PP) test at the
level and first difference. At the level, the test results indicate that only one variable is stationary,
namely economic growth. This indicates that the economic growth variable has a relatively
constant mean and variance over time without the need for data differencing. Meanwhile, the
other variables are not stationary at the level, indicating the presence of long-term trends or
fluctuations in the data, which could potentially lead to biased estimation results if directly used
in the regression model.

Next, at the first difference level, the results show that four variables have become
stationary, namely carbon dioxide (CO:) emissions transformed into natural logarithm form,
natural resource efficiency, renewable energy, and information and communication technology
(ICT). The differences in stationarity levels among these variables indicate that the research data
consists of a combination of variables integrated at order zero 1(0) and order one I(1). This
condition meets the requirements for using the ARDL model, as ARDL can accommodate
variables with different integration levels as long as there are no variables integrated at order two
I(2). Thus, the use of the ARDL model in this study is deemed appropriate for analyzing the
short-term and long-term relationships among the variables more comprehensively.

Cointegration Test

After ensuring that the data is statistically significant, the next step is to conduct the Pedroni
analysis, which aims to assess the level of cointegration between variables that may not be
statistically significant. To test the hypothesis that there is no cointegration, researchers must
identify the appropriate regression model and consider the results on the statistical panel.
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Table 4 Cointegration test

Common AR coefs

(within-dimen- Statistic Prob. Statistic Prob.
sion)

Panel v-statistic 6.629974 0.0000 4.301909 0.0000
Panel rho-statistic 1.303694 0.9038 1.465576 0.9286
Panel PP-statistic -0.26271 0.3964 -0.03142 0.4875
Panel ADF-statistic -0.99769 0.1592 -0.59818 0.2749
Common AR coefs

(within-dimen- Statistic Prob.

sion)

Panel rho-statistic 2.106097 0.9824

Panel PP-statistic -0.40189 0.3439

Panel ADF-statistic -1.06015 0.1445

Source: Processed using Eviews 12 software (2025)

Based on Table 4, the results of the Pedroni cointegration test show that the panel v-statistic
value has a probability of 0.0000, which is smaller than the significance level of 0.05. These
results indicate that the null hypothesis stating the absence of cointegration can be rejected, thus
it can be concluded that there is a long-term relationship between the variables in the research
model. These findings affirm that changes in the independent variables have a structural
relationship with the dependent variables over a long period.

Furthermore, the presence of cointegration indicates that the imbalances occurring in the
short term are temporary and will undergo adjustments toward long-term equilibrium. This
means that if there are deviations between the research variables due to economic shocks, policy
changes, or other external factors, the adjustment mechanism will work to restore the relationship
to long-term equilibrium conditions. Thus, the model used is not only capable of capturing short-
term dynamics but also consistently explaining the long-term adjustment process, so that the
estimation results can serve as a strong foundation in economic analysis and policy formulation
oriented toward sustainability.

Optimal Lag Selection

Finding the optimal lag in the ARDL model is crucial for understanding the dynamic
relationships between variables, both in the short term and the long term. In this process, a
systematic approach to lag selection helps identify potential weaknesses in the long-term
relationship, enhances the validity of cointegration tests, and analyzes the long-term relationship
by comparing data with accurate lag selection.
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Figure 2 Optimal Lag Selection

Based on Figure 2 it shows the results of optimal lag selection based on three criteria of
the Akaike Information Criterion (AIC). The Akaike Information Criterion (AIC) focuses on the
model's accuracy in capturing data patterns by applying a relatively light penalty on the number
of parameters, allowing for the selection of more complex models if they can significantly
improve prediction accuracy. Based on the evaluation results, AIC indicates that Model 3 has the
lowest value, meaning Model 3 provides the best balance between the ability to explain the data
and the complexity level of the model used.

The lower AIC value in Model 3 confirms that this model is the optimal choice because it
achieves superior predictive performance without posing a risk of overfitting, making it more
effective than the other tested models. Thus, the selection of Model 3 as the best model based on

AIC criteria aligns with the analysis goals that emphasize prediction accuracy and model
structure efficiency.

Short-Term ARDL Estimation

The Error Correction Model (ECM) uses the concept of error correction to show how
quickly economic variables can return to their initial point after experiencing changes or
setbacks. These error elements often have negative coefficients, and their coefficients indicate
the speed of adjustment of the variable in question. If the correlation is set to -1, the variable will
return to normal faster, whereas if set to 0, the adjustment toward equilibrium will proceed more
slowly.

Table 5 Short Term ARDL Estimation

Variabel Coefficient Std. Error t-statistik Prob.*
COINTEQO01 -0.04231 0.010472 -4.03993 0.0001
NRE -0.0437 0.042763 -1.02197 0.3083
REC -0.41944 0.385366 -1.08843 0.278

ICT 0.001355 0.000907 1.492966 0.1374
EG -0.00017 0.001682 -0.09847 0.9217

Note: * significance at the 5 percent level
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Based on the short-term estimation results in Table 5 the value of the Cointeq01 coefficient
15 -0.042306 with a probability of 0.0001, indicating a valid adjustment mechanism toward long-
term equilibrium. This negative and significant coefficient value indicates that any short-term
imbalance will be corrected by 4.23 percent in one period, allowing the system to gradually return
to long-term equilibrium.

The short-term estimation results show that not all independent variables have a significant
impact on changes in carbon dioxide emissions. The efficiency of natural resources has a negative
coefficient of -0.043702 with a probability of 0.3083, which means it has a negative but not
significant effect on carbon dioxide emissions in the short term. This condition indicates that the
utilization of natural resource efficiency in the short term has not yet been able to directly reduce
CO: emissions, because the transition process requires time, significant investment, and
adjustments in technology and supporting infrastructure.

The variable of renewable energy consumption also shows a negative but insignificant
effect on carbon dioxide emissions with a coefficient of -0.419444 and a probability of 0.2780.
This indicates that the increase in renewable energy consumption in the short term has not yet
had a significant impact on reducing carbon emissions, which may be due to the still high
dominance of fossil fuels and the limited capacity of clean energy to meet overall energy needs.

Next, information and communication technology (ICT) has a positive coefficient of
0.001355 with a probability of 0.1374, indicating a positive but not significant impact on carbon
dioxide emissions in the short term. This condition reflects that the increased use of information
and communication technology in the short term tends to raise energy consumption, particularly
from data centers, telecommunications networks, and digital devices, potentially leading to an
increase in carbon emissions before technological efficiency can be optimally achieved.

Meanwhile, economic growth has a negative coefficient of -0.000166 with a probability of
0.9217, which means it has a negative but not significant impact on carbon dioxide emissions in
the short term. This indicates that changes in economic activity in the short term do not directly
affect the level of carbon emissions, as the economic structure, energy intensity, and
environmental policies take time to show their impact on emissions.

Long-Run ARDL Estimation
The long-run results between the independent variables and the dependent variable based
on the ARDL model are as follows:
Table 6 Long Run ARDL Estimation

Variabel Coefficient Std. Error t-statistik Prob.*
NRE -0.02767 0.026328 -1.05094 0.2948
REC -5.24056 1.943895 -2.69591 0.0078
ICT 0.015637 0.003912 3.997382 0.0001
EG 0.183299 0.062837 2.917031 0.004

Note: * significance at the 5 percent level
Table 6 shows the long-term estimation results of the ARDL model between the
independent variable and the dependent variable of carbon dioxide emissions with a significance
level of 5 percent. The estimation results indicate that in the long term, natural resource efficiency
has a coefficient of -0.027670 with a probability of 0.2948, which means it has a negative but
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statistically insignificant effect on carbon dioxide emissions. This indicates that an increase in
efficiency in the utilization of natural resources tends to reduce carbon emissions in the long
term. However, this effect is not yet significant, which may be due to the suboptimal
implementation of resource efficiency practices, differences in technology levels between
countries, and the still high dependence on carbon-intensive natural resource exploitation
activities.

Then, renewable energy consumption shows a negative and significant impact on carbon
dioxide emissions in the long term, with a coefficient of -5.240562 and a probability of 0.0078.
These results indicate that a consistent increase in renewable energy consumption over the long
term is capable of significantly reducing carbon dioxide emissions. These findings are in line
with the energy transition theory, which states that the shift from fossil fuels to renewable energy
sources such as solar, wind, and hydro can reduce dependence on high-emission energy sources.
In the long term, the use of renewable energy also promotes energy efficiency, environmentally
friendly technological innovations, and sustainable energy policies that directly impact the
reduction of carbon emissions.

Long-term estimation results also show that the information and communication
technology (ICT) variable has a positive and significant impact on carbon dioxide emissions,
with a coefficient 0f 0.015637 and a probability of 0.0001. This indicates that the increased use
and development of ICT in the long term actually drives an increase in carbon emissions. This
condition can be caused by the increased consumption of electrical energy due to the expansion
of digital infrastructure such as data centers, telecommunications networks, and electronic
devices. Although ICT has the potential to improve economic efficiency, in the long term, the
increased scale of technology use without being matched by clean energy sources can increase a
country's carbon footprint.

Meanwhile, the economic growth variable shows a positive and significant impact on
carbon dioxide emissions in the long term, with a coefficient of 0.183299 and a probability of
0.0040. These findings indicate that an increase in economic activity in the long term tends to
raise carbon emissions. This is in line with the Environmental Kuznets Curve (EKC) theory in
the early and middle stages of economic development, where economic growth is still dominated
by energy-intensive and fossil fuel-based sectors. The increase in production, consumption, and
industrial activities accompanying economic growth contributes to rising carbon emissions if not
balanced by strict environmental policies and the use of environmentally friendly technologies.

Overall, the long-term estimation results show that the consumption of renewable energy
plays an important role in reducing carbon dioxide emissions, while economic growth and ICT
development tend to increase emissions. On the other hand, natural resource efficiency has the
potential to reduce carbon emissions, although its impact has not yet been statistically significant.
This underscores the importance of sustainable development policies that not only promote
economic growth and technological advancement but also strengthen resource efficiency and the
transition to clean energy in the long term.

CONCLUSION
Based on the analysis results using the Autoregressive Distributed Lag (ARDL) method,
this study found that there is a long-term relationship between natural resource efficiency,
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renewable energy, information and communication technology (ICT), and economic growth on
carbon dioxide (CO2) emissions in ASEAN countries. The cointegration test results indicate that
the variables in this study move together in the long term, so changes in one variable will affect
the balance of carbon dioxide emissions over a longer period.

The estimation results show that natural resource efficiency has a negative but insignificant
effect on carbon dioxide emissions both in the short term and the long term. This indicates that
improvements in the efficiency of natural resource utilization have the potential to reduce carbon
emissions, but the impact has not yet been statistically significant. This condition may be caused
by differences in the capacity to manage natural resources among ASEAN countries, as well as
the dominance of energy- and emission-intensive economic activities based on the exploitation
of natural resources.

Furthermore, renewable energy shows a negative and significant impact on carbon dioxide
emissions in the long term, although its short-term impact has not yet been significant. These
findings indicate that the transition to renewable energy usage requires time before having a
tangible impact on reducing carbon emissions. In the long term, the increase in renewable energy
consumption has proven effective in reducing dependence on fossil fuels and lowering carbon
dioxide emission levels in the ASEAN region.

The research results also show that information and communication technology (ICT) has
a positive and significant impact on carbon dioxide emissions in the long term, while in the short
term its impact is positive but not significant. This indicates that the rapid development of ICT
can increase energy consumption, especially thru the use of digital infrastructure and data centers
that still rely on fossil fuels. Thus, without support from clean energy, the development of ICT
has the potential to increase carbon emissions in the long term.

Meanwhile, economic growth has a positive and significant impact on carbon dioxide
emissions in the long term, although its impact is not significant in the short term. These findings
indicate that the sustained increase in economic activity in ASEAN countries still tends to raise
carbon emissions, in line with the Environmental Kuznets Curve (EKC) theory, where in the
early and middle stages of development, economic growth contributes to increased
environmental degradation.
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